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1
METHODS OF PRODUCING ALKYLFURANS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a U.S. National Phase Patent Appli-
cation of PCT/US2015/043330, filed Aug. 14, 20135, which
claims priority to U.S. Provisional Patent Application No.

62/037,806, filed Aug. 15, 2014, the disclosures of which are
herein incorporated by reference in their entirety.

FIELD

The present disclosure relates generally to methods of
producing dialkylfurans and other alkylfurans, and more
specifically to methods of producing 2,5-dimethylfuran and
2-methylfuran.

BACKGROUND

Dialkylfurans, such as 2,5-dimethylfuran (DMF), and
other alkylfurans have potential applications for use as
biofuels. Several methods are known 1n the art to produce
2,5-dimethylfuran. Current methods known 1in the art to
produce 2,5-dimethyliuran from other furan compounds
have been challenging with respect to minimizing the furan
ring reduction. Thus, what 1s needed 1n the art are methods
of selectively reducing furan compounds to produce 2,5-
dimethylfuran and other alkyliurans.

BRIEF SUMMARY

Provided herein are methods to reduce furan compounds
to produce alkylifurans. In some aspects, provided 1s a
method of producing a compound of formula (I'):

(I')

wherein:
R' is C,_, alkyl, wherein m is an integer greater than or
equal to 0, provided that when m is 0, R* is H; and
R* is C, alkyl, wherein n is an integer greater than or
equal to 1,

by reducing a compound of formula (A) to produce the
compound of formula (I'), wherein the compound of formula

(A) 1s:

e o (A)

RZH
A
wherein:

R'* is C_ alkyl, —(CH.,)__,CH(O), —(CH,), OH, or
—(CH,),, Y, wherein:
m 1s as defined for formula (I'), provided that when m
is 0, R'* is H; and

Y 1s halo; and
R** is —(CH.,),_,CH(O), —(CH,),,OH, or —(CH,) X,
wherein:
n 1s as defined for formula (I'); and
X 1s halo.
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2

In some embodiments, the compound of formula (A) 1s
reduced to produce the compound of formula (I') 1n the
presence of:

hydrogen,

a catalyst, and

a reagent of formula (1), (11) or (111), or any combinations
thereof,

wherein:

the reagent of formula (1) 1s:

(1)

0O
o
G N~

Rb

wherein:

each R4 R” and R¢ is independently H, aliphatic,
aryl, or heteroaryl; or

R? and R” are taken together with the nitrogen atoms
to which they are comnected to form a cyclic
moiety having at least 3 ring atoms; and

the reagent of formula (11) 1s:

(11)

O
e M _w
\N N./

R4 R®

wherein:
(A) each R4 R” R° and R? is independently H,
aliphatic, aryl or heteroaryl; or

(B) R” and R” are taken together with the nitrogen
atoms to which they are connected to form a cyclic
moiety having at least 3 ring atoms; and each R°
and R is independently H, aliphatic, aryl or het-
croaryl; or

(C)each R” and R” is 1ndependently H, aliphatic, aryl
or heteroaryl; and R° and R? are taken together
with the nitrogen atoms to which they are con-
nected to form a cyclic moiety having at least 3
ring atoms; or

(D) R? and R” are taken together with the nitrogen
atoms to which they are connected to form a cyclic
moiety having at least 3 ring atoms; and R° and R?
are taken together with the nitrogen atoms to

which they are connected to form a cyclic moiety
having at least 3 ring atoms; or

(E) each R and R” 1s independently H, aliphatic, aryl
or heteroaryl; and R” and R? are taken together
with the nitrogen atoms to which they are con-
nected to form a cyclic moiety having at least 5
ring atoms; or

(F) each R”? and R“is independently H, aliphatic, aryl
or heteroaryl; and R” and R* are taken together
with the nitrogen atoms to which they are con-
nected to form a cyclic moiety having at least 5
ring atoms; and
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the reagent formula (111) 1s:

(iii)

wherein:
cach R” and R” 1s independently H, aliphatic, aryl or
heteroaryl; and
t 1s an 1nteger greater than or equal to O.
In some variations of the reagent of formula (1), t 1s an
integer greater than or equal to 1.
In some varnations, the catalyst includes:
(1) a metal; or
(1) at least two metals; or
(111) a solid support selected from carbon, silica, alumina,
titania, magnesium silicate, aluminosilicate, magne-
stum oxide, calcium oxide, and zinc oxide, or any

combination thereof; or
(1v) both (1) or (111), or both (11) or (111); or
(v) palladium and a solid support selected from silica,

titania, magnesium silicate, aluminosilicate, magne-

sium oxide, calctum oxide, and zinc oxide, or any
combination thereof; or
(v1) platinum and a solid support selected from carbon,
silica, alumina, titania, magnesium silicate, alumino-
silicate, magnesium oxide, calcium oxide, and zinc
oxide, or any combination thereof; or
(vi1) palladium, and wherein the catalyst 1s homogeneous.
In some varnations, the catalyst 1s prepared 1n situ.
In some aspects, provided 1s a method of producing a
compound of formula (I'), as described herein, by converting
a compound of formula (A), as described herein, to the
compound of formula (I') 1n the presence of (1) hydrogen
and (2) a solid-supported metal catalyst comprising a metal
component and a basic solid support.

In other aspects, provided 1s a method of producing a
compound of formula (I'), as described herein, by converting
a compound of formula (A), as described herein, to the
compound of formula (I') mn the presence of (1) hydrogen,
(2) a catalyst comprising a metal component and an acidic
or neutral solid support, and (3) an amide reagent or a urea
reagent, or a combination thereof.

In other aspects, provided 1s a method of producing a
compound of formula (I'), as described herein, by converting
a compound of formula (A), as described herein, to the
compound of formula (I') 1 the presence of (1) hydrogen,
(2) a catalyst comprising a metal component and a solid
support, and (3) an amide reagent or a urea reagent, or a
combination thereof, under acidic conditions. In some varia-
tions, acidic conditions can be achieved by the use of an
acidic solid support 1n the catalyst, or by addition of an acid,
or by generation of an acid in situ.

In yet other aspects, provided 1s a method of producing a
compound of formula (I'), as described herein, by converting
a compound of formula (A) to the compound of formula (I')
in the presence of (1) hydrogen, (2) a catalyst comprising a
metal component and a solid support, (3) an amide reagent
Or a urea reagent, or a combination thereof, and (4) an acid.
In some variations, provided i1s a method of producing a
compound of formula (I'), as described herein, by converting
a compound of formula (A) to the compound of formula (I')
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in the presence of (1) hydrogen, (2) a catalyst comprising a
metal component and a solid support, (3) an amide reagent
Or a urea reagent, or a combination thereof, (4) an acid, and
(5) an aromatic reagent. In certain variations, a urea reagent
1s used. In one variation, the urea reagent 1s a cyclic urea
reagent.

In yet other aspects, provided 1s a method of producing a
compound of formula (I'):

(I')

wherein:
R" is C_ alkyl, wherein m is an integer greater than or
equal to 0, provided that when m is 0, R' is H; and
R* is C, alkyl, wherein n is an integer greater than or
equal to 1,
by:
a) converting a compound of formula (B) to a compound
of formula (C), wherein:
the compound of formula (B) 1s:

(B)

wherein:

R' is C _ alkyl, wherein m is as defined for formula
(I'); and
R* is —(CH.,),—, wherein n is as defined for for-
mula (I'),
the compound of formula (C) 1s:

R R?
wherein:

R' and R” are as defined for formula (B); and
X 1s halo; and
b) reducing the compound of formula (C) to produce the
compound of formula (I").

In some variations, the compound of formula (C) 1s
reduced to produce the compound of formula (I') i the
presence of:

hydrogen,

a catalyst, and

any one of reagents of formula (1), (11) and (111) described
herein, or any combinations thereof.

In one aspect, provided 1s a method of producing 2,53-
dimethylfuran, by:

a) providing (S-methyliuran-2-yl)methanol; and

b) selectively reducing the (5-methyliuran-2-yl)methanol

to produce 2,5-dimethyliuran.

In some embodiments, the (5-methylfuran-2-yl)methanol
1s selectively reduced in the presence of hydrogen and a
catalyst.

(C)
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In another aspect, provided 1s a method of producing
2,5-dimethyltfuran, by:

a) providing (5-methyliuran-2-yl)methanol;

b) converting the (5-methylfuran-2-yl)methanol to
2-(chloromethyl)-5-methylfuran 1n the presence of an
acid; and

c) selectively reducing the 2-(chloromethyl)-35-methyl-
furan to produce 2,5-dimethyliuran.

In some embodiments, the 2-(chloromethyl)-5-methyl-
turan 1s selectively reduced in the presence of hydrogen and
a catalyst.

In other embodiments, the (5-methylfuran-2-yl)methanol
1s provided by:

1) providing 5-methylfuran-2-carbaldehyde; and

11) converting the 5-methylfuran-2-carbaldehyde to
(5-methylifuran-2-yl)methanol 1n the presence of acid,
hydrogen and a catalyst.

In yet other embodiments, the (5-methylfuran-2-yl)

methanol 1s provided by:

1) providing S-(chloromethyl)furfural;

1) converting the 3-(chloromethyl)furfural to 5-methyl-
furan-2-carbaldehyde in the presence of hydrogen and
a catalyst; and

111) converting the 5-methylfuran-2-carbaldehyde to the

(5-methyliuran-2-yl)methanol 1n the presence of acid,

hydrogen and a catalyst.

In one embodiment, the catalyst 1s a palladium catalyst.
In other aspects, provided herein are also compositions
that include any of the compounds of formula (A), catalysts,
hydrogen, and amine and/or urea reagents described herein.
In some embodiments, the compositions may also include
any of the acids and/or solvents described herein.

In other aspects, provided herein are also methods of
producing a compound of formula (J);

Rl ’O RZ’
wherein:

R' is C_ alkyl, wherein m is an integer greater than or

equal to 0, provided that when m is 0, R" is H; and

R* is C, alkyl, wherein n is an integer greater than or

equal to 1,
by combining a compound of formula (I') produced accord-
ing to any of the methods described herein and ethylene to
produce the compound of formula (7).

For example, 1n some embodiments, the compound of
formula (I') 1s 2,5-dimethylfuran; and the compound of
formula (J) 1s para-xylene. In other embodiments, the com-
pound of formula (I') 1s 2-methylfuran; and the compound of
formula (J) 1s toluene.

In some variations, the compound of formula (J) may be
turther oxidized, and optionally further polymerized.

(1)

DESCRIPTION OF THE FIGURES

The present application can be best understood by refer-
ence to the following description taken in conjunction with
the accompanying figures, in which like parts may be
referred to by like numerals.

FIGS. 1 and 2 depict exemplary reaction schemes to
produce a dialkylturan.
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FIGS. 3A, 3A', 3B, 3B', 3C, 3D and 3E depict exemplary

reaction schemes to convert 2-(chloromethyl)furtural to
2,5-dimethylturan.

FIGS. 4A and 4B depict exemplary reaction schemes to
produce S-(chloromethyl)turfural.

FIGS. 5A-5D, 5H and 51 depict exemplary reaction
schemes to produce 2,5-dimethylfuran, and FIGS. SE-5G
depict exemplary reaction schemes to produce 2-methyl-
furan.

FIG. 6 depicts an exemplary reaction scheme to produce
an alkylfuran having the structure of formula (I') from a
compound having the structure of formula (A).

DETAILED DESCRIPTION

The following description sets forth exemplary methods,
parameters and the like. It should be recognized, however,
that such description 1s not intended as a limitation on the
scope of the present disclosure but 1s 1stead provided as a
description of exemplary embodiments.

Provided herein are methods of producing dialkyliurans,
such as 2,5-dialkylfurans, and other alkyliurans, such as
2-alkylfurans.

For example, mn one aspect, provided 1s a method of
producing 2.5-dimethylfuran from (5-methylturan-2-yl)
methanol. With reference to FIG. 1, process 100 1s an
exemplary reaction scheme for producing dialkylfurans 110.
In some embodiments, R* is alkyl, and R* is —(CH,) —,
where n is an integer and at least 1. In one embodiment, R
is methyl and R* is —(CH,)—, such that compound 102 is
(3-methylifuran-2-yl)methanol and compound 110 15 2,3-
dimethylfuran. Compound 102 may be selectively reduced
in the presence of hydrogen and a catalyst, such as palladium
(Pd) catalyst. (5-Methyliuran-2-yl)methanol may be con-
verted into 2,5-dimethylfuran by selectively reducing the
alcohol functional group of (5-methylfuran-2-yl)methanol
without reducing, or by minimizing the prevalence of the
reduction of, the furan ring.

In another aspect, with reference to FIG. 2, process 200 1s
another exemplary reaction scheme for producing dialkyl-
furans 210. In some embodiments, R" is alkyl, and R” is
—(CH,),—, where n 1s an integer and at least 1. In one
embodiment, R' is methyl and R* is —(CH, )—, such that
compound 202 1s (5-methylfuran-2-yl)methanol, compound
204 1s 2-(halomethyl)-35-methylfuran (wherein X 1s halo),
and compound 210 1s 2,5-dimethylturan. (5-Methyliuran-2-
ylmethanol may be converted under acidic conditions nto
2-(halomethyl)-5-methylfuran, such as 2-(chloromethyl)-5-
methylifuran. In one example, (3-methyliuran-2-yl)methanol
may be reacted with hydrochloric acid and a salt (e.g.,
lithium chloride salt) to produce 2-(chloromethyl)-5-meth-
ylturan. With reference again to FIG. 2, 2-(halomethyl)-5-
methylfuran, such as 2-(chloromethyl)-5-methylfuran, may
subsequently be converted into 2,5-dimethylfuran by selec-
tively reducing the halide functional group of 2-(halom-
cthyl)-S-methyliuran without reducing, or by minimizing
the prevalence of the reduction of, the furan ring.

In some embodiments, compounds 102 (FIG. 1) and 202
(FIG. 2) may be obtained from any commercially available
sources or produced according to any suitable methods
known 1n the art.

In other embodiments, for example, with reference to
FIG. 3A, 5-(chloromethyl)furtural 302 may be converted to
S-methyliuran-2-carbaldehyde 304 in the presence of hydro-
gen and a catalyst, such as a palladium (Pd) catalyst. In one
variation, with reference again to FIG. 3A, 5-methylfuran-
2-carbaldehyde 304 may then be reacted with an acid, such
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as hydrochloric acid, in the presence of hydrogen and a
metal catalyst, such as a palladium (Pd) catalyst, to produce
(5-methylifuran-2-yl)methanol 306, which may then be
reduced to form 2,5-dimethyliuran 310. In other vanations,
an acid may not be present in the conversion of 5-methyl-
turan-2-carbaldehyde 304 to (5-methylfuran-2-yl)methanol
306.

In another variation, with reference to FIG. 3A', 3-(chlo-
romethyl)furtural 302 may be converted to 5-methylfuran-
2-carbaldehyde 304 1n the presence of hydrogen, a catalyst,
such as a palladium (Pd) catalyst, and an amide reagent, or
a urea reagent, or a combination thereof as described herein.
In one variation, with reference again to FIG. 3A', S-meth-
ylfuran-2-carbaldehyde 304 may then be reacted with an
acid, such as hydrochloric acid, in the presence of hydrogen,
a metal catalyst, such as a palladium (Pd) catalyst, and an
amide reagent, or a urea reagent, or a combination thereof as
described herein, to produce (5-methylfuran-2-yl)methanol
306, which may then be reduced to form 2,5-dimethylfuran
310. In other vaniations, an acid may not be present in the
conversion of 5-methylfuran-2-carbaldehyde 304 to
(5-methylifuran-2-yl)methanol 306. In certain variations, the
catalyst used in FIGS. 3A and 3A' may be the same or
different. In certain variations, the amide or urea reagents
used 1 FIG. 3A' may be the same or different. In other
variations, a combination of amide and urea reagents may be
used.

In yet other embodiments, with reference to FIG. 3B,
S-(chloromethyl)furtfural 302 may be converted to 5-meth-
ylturan-2-carbaldehyde 304 1n the presence of hydrogen and
a catalyst, such as a palladium (Pd) catalyst. 3-Methylifuran-
2-carbaldehyde 304 may then be reacted with an acid, such
as hydrochloric acid, in the presence of hydrogen and a
metal catalyst, such as a palladium (Pd) catalyst, to produce
(5-methyliuran-2-yl)methanol 306, which may then be con-
verted to 2-(chloromethyl)-5-methylturan 308, and 1in turn
reduced to form 2,5-dimethyliuran 310. In other variations,
an acid may not be present in the conversion of 5-methyl-
furan-2-carbaldehyde 304 to (5-methylfuran-2-yl)methanol
306.

In yet other embodiments, with reference to FIG. 3B',
S-(chloromethyl)furtfural 302 may be converted to 5-meth-
ylfuran-2-carbaldehyde 304 1n the presence of hydrogen, a
catalyst, such as a palladium (Pd) catalyst, and an amide
reagent, or a urea reagent, or a combination thereol as
described herein. 3-Methylfuran-2-carbaldehyde 304 may
then be reacted with an acid, such as hydrochloric acid, in
the presence of hydrogen and a metal catalyst, such as a
palladium (Pd) catalyst, and an amide reagent, or a urea
reagent, or a combination thereol as described herein, to
produce (5-methylfuran-2-yl)methanol 306, which may then
be converted to 2-(chloromethyl)-5-methylfuran 308, and in
turn reduced to form 2,5-dimethylfuran 310. In other varia-
tions, an acid may not be present in the conversion of
S-methylfuran-2-carbaldehyde 304 to (5-methylfuran-2-yl)
methanol 306. In certain variations, the catalyst used in
FIGS. 3B and 3B' may be the same or different. In certain
variations, the amide or urea reagents used 1n FIG. 3B' may
be the same or different. In other variations, a combination
of amide and urea reagents may be used.

In some embodiments, the reaction may be performed as
a “one pot” reaction, in the same reaction vessel and/or
without 1solating, for example, 5-methyliuran-2-carbalde-
hyde or (5-methyliuran-2-yl)methanol as depicted in FIGS.
3A, 3A', 3B and 3B'. In other variations, S-methyliuran-2-
carbaldehyde may be 1solated prior to conversion to
(5-methylfuran-2-yl)methanol.
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An example of a one pot reaction 1s provided in FIG. 3C.
Thus, 1n one variation, with reference to FIG. 3C, 5-(chlo-
romethyl)furtural 302 may be converted to 2,5-dimethyl-
furan 310 1n a one pot reaction. As depicted in the exemplary
scheme of FIG. 3C, this conversion may be performed in the
presence of hydrogen, a palladium catalyst, and an amide
reagent, or a urea reagent, or a combination thereol as
described herein. In another vanation, this conversion may
be performed in the further presence of an acid. In other
variations, however, this conversion may be performed with
acid generated 1n situ, i the presence of a palladium
catalyst, hydrogen and an amide reagent, or a urea reagent,
or a combination thereof as described herein. In other
variations, a combination of amide and urea reagents may be
used.

With reference to FIG. 3D, 1n another exemplary reaction
scheme, 5-(chloromethyl)furtural 302 may be converted to
S-methyliuran-2-carbaldehyde 304 in the presence of hydro-
gen and a catalyst, such as a palladium catalyst. 5-Methyl-
furan-2-carbaldehyde 304 may in turn be reduced to form
2.5-dimethylturan 310 1n the presence of acid, such as
hydrochloric acid, hydrogen, a palladium catalyst (such as
palladium on carbon), and an amide reagent, or a urea
reagent, or a combination thereof as described herein. In
other variations, however, this reduction may be performed
with acid generated in situ, 1n the presence of hydrogen, a
palladium catalyst (such as palladium chloride), activated
carbon, and an amide reagent, or a urea reagent, or a
combination thereof as described herein. In other variations,
a combination of amide and urea reagents may be used.

With reference to FIG. 3E, 1n another exemplary reaction
scheme, 5-(chloromethyl)furtural 302 may be converted to
(5-methyliuran-2-yl)methanol 306, which may then be
reduced to form 2,5-dimethylturan 310 1n the presence of
acid, such as hydrochloric acid, hydrogen, a palladium
catalyst (such as palladium on carbon), and an amide
reagent, or a urea reagent, or a combination thereol as
described herein. In other variations, however, this reduction
may be performed with acid generated i situ, i the
presence of hydrogen, a palladium catalyst (such as palla-
dium chlornide), activated carbon, and an amide reagent, or
a urea reagent, or a combination thereof as described herein.
In other wvariations, a combination of amide and urea
reagents may be used.

S-(Halomethyl)furtural 302 used 1n the exemplary reac-
tion schemes depicted in FIGS. 3A-3FE may be obtained
from any commercially available sources or produced by
any suitable methods known 1n the art.

In some embodiments, 5-(halomethyl)furfural may be
produced from 5-(hydroxymethyl)turfural, as depicted in the
exemplary reactions of FIGS. 4A and 4B. With reference to
FIG. 4A, 5-(hydroxymethyl)tfurfural may be converted into
S-(chloromethyl)furtural 1n the presence of an acid. In one
example, S-(thydroxymethyl)furfural may be reacted with
10N HCI at room temperature. In another example, 5-(hy-
droxymethyDfurfural may be reacted with SN H™ and 11N
Cl™ at room temperature.

With reference to FIG. 4B, glucose may be converted to
fructose 1n the presence of an acid and/or salt. For example,
in an exemplary reaction, glucose may be converted to
fructose using 1N H™, 12N CI7, 1IN Li", and toluene as a
solvent at elevated temperatures (e.g., 110° C.). Fructose
may then be converted to 5-(hydroxymethyl)furfural, which
may 1n turn be converted to 3-(chloromethyl)furfural as
described above. In other variations, the 5-(chloromethyl)
furfural may be produced from fructose or cellulose.
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Thus, provided herein are methods to produce alkylfurans
from various furan compounds. For example, various furan
compounds may be used to produce 2,5-dimethyliuran as
shown 1n the exemplary reaction schemes 1n FIGS. SA-5D,
5H and 51. Such furan compounds may include, for example,
S-(halomethyl)furtural (or also referred to as 5-(halomethyl)
turan-2-carbaldehyde; FIG. 5A; where Y 1s halo), 5-meth-
ylfuran-2-carbaldehyde (FIG. 3B), (5-methylfuran-2-yl)
methanol (FIG. 35C), 2-(halomethyl)-5-methylfuran (FIG.
5D; where X 1s halo); turan-2,5-dicarbaldehyde (FI1G. 5H);
and furan-2,5-diyldimethanol (FIG. 51).

In other examples, various furan compounds may be used
to produce 2-methylfuran as shown in the exemplary reac-
tion schemes i FIGS. SE-5G. Such furan compounds may
including, for example, furtural (or also referred to as

turan-2-carbaldehyde; FIG. 5E), furan-2-ylmethanol (FIG.
5F), and 2-(halomethyl)furan (FIG. 5G; where X 1s halo).

With reference 1 FIG. 6, 1n some variations, the alkyl-
furans are compounds having the structure of formula (I'):

(I')

wherein:

R' is C,_, alkyl, wherein m is an integer greater than or
equal to 0, provided that when m is 0, R" is H; and

R* is C, alkyl, wherein n is an integer greater than or
equal to 1.

Thus, with reference to process 600 1n FIG. 6, 1n certain
aspects, provided 1s a method of producing a compound of
tormula (I') by reducing a compound of formula (A) having
the structure:

(A)

wherein:

R'“ is C_ alkyl, —(CH,)_ _,CH(O), —(CH,)_ OH, or
—(CH,), Y, wherein m 1s as defined for formula (I'), pro-
vided that when m is 0, R*® is H; and Y is halo; and

R** is —(CH,), ,CH(O), —(CH,), OH, or —(CH,) X,
wherein n 1s as defined for formula (I'), and X 1s halo.

In one variation, the compound of formula (A) 1s reduced
to produce the compound of formula (I') 1n the presence of
a catalyst, and hydrogen. In another variation, the compound
of formula (A) 1s reduced to produce the compound of
tormula (I') 1n the presence of a catalyst, hydrogen, and one
or more reagents having an amide or urea moiety. In yet
another variation, the compound of formula (A) 1s reduced
to produce the compound of formula (I') 1n the presence of
a catalyst, hydrogen, one or more reagents having an amide
or urea moiety, and solvent.

The alkylfurans (e.g., the compounds of formula (I')), the
furan compounds (e.g., the compounds of formula (A)), the
catalysts, the acids, the hydrogen, the amine and urea
reagents and the solvents, as well as the reaction conditions
to produce the compounds of formula (I') are each described
in further detail below.
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Alkylturans
In some aspects, the methods provided herein produce

alkylfurans that are compounds having the structure of
formula (I"):

(I")

R* RY

wherein:

R" is C_ alkyl, wherein m is an integer greater than or
equal to 0, provided that when m is 0, R" is H;

R* is C,_ alkyl, wherein n is an integer greater than or
equal to 1; and

R* and R*> are independently H or alkyl.

In some varniations, R* and R” are each H. In other
variations, R*™ and R> are independently alkyl. In certain
variations, R* 1s H, and R” 1s alkyl; or R* 1s alkyl, and R” 1s
H. In one variation, the alkyl 1s methyl or ethyl.

In some aspects, the methods provided herein produce
alkylfurans that are compounds having the structure of
formula (I'):

1)

wherein:
R" is C _ alkyl, wherein m is an integer greater than or

equal to 0, provided that when m is 0, R* is H; and

R* is C,_ alkyl, wherein n is an integer greater than or
equal to 1.

In some varnations, the methods provided herein produce
compounds having the structure of formula (I'), wherein m
is 0, and thus R' is H. Examples of such compounds include
compounds of formula (I-a):

(I-a)

wherein:

R* is C, alkyl, wherein n is an integer greater than or
equal to 1.

Thus, 1n some variations, provided herein are methods of
producing a compound of formula (I-a) from a compound of
formula (A).

In other vanations, the methods provided herein produce
compounds having the structure of formula (I'), wherein R
1s C_ alkyl, wherein m 1s an integer greater than or equal to
1. Examples of such compounds include compounds of

formula (I-b):

(I-b)
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wherein:

R' is C_ alkyl, wherein m is an integer greater than or
equal to 1; and

R* is C, alkyl, wherein n is an integer greater than or
equal to 1.
Thus, 1n some variations, provided herein are methods of
producing a compound of formula (I-b) from a compound of
formula (A).

In some aspects, the methods provided herein produce
dialkylfurans having the structure of formula (I):

R! R?
wherein:

R' is C,, alkyl, wherein m is an integer greater than or
equal to 1; and

R* is —(CH,), —, wherein n is an integer greater than or
equal to 1.

Thus, 1n some variations, provided herein are methods of
producing a dialkylturan of formula (I) from a compound of
formula (A).

In some variations of the compounds of formula (I") or
(I'), m 1s O. In other vanations of the compound of formula
(I"), (I'), (I) or (I-b), m 1s between 1 and 50, between 1 and
25, between 1 and 20, between 1 and 15, between 1 and 10,
or between 1 and 5. In certain variations, m1s 1, 2, 3, 4, or
5. In one vanation, m 1s 1.

In some variations of the compounds of formula (I"), (I'),
(I), (I-a) or (I-b), n 1s between 1 and 30, between 1 and 23,
between 1 and 20, between 1 and 15, between 1 and 10, or
between 1 and 5. In certain vaniations, n 1s 1, 2, 3, 4, or 3.
In one vanation, n 1s 1.

In other variations of the compounds of formula (I"), (I'),
(I), (I-a) or (I-b), 1t should be understood that any combi-
nations of variables m and n described above can be used.
For example, in certain variations of the compounds of
tormula (I'"), (I'), (I) or (I-b), m 1s between 1 and 30; and n
1s between 1 and 50. In one variation, m1s 1, and n1s 2. In
another variation of the compounds of formula (I") or (I'), m
1s 0, and n 1s 1. Varniables m and n may, 1n certain embodi-
ments, be the same integer or a different integer.

In certain embodiments, the compounds of formula (I"),
(I') or (I-a) may be an alkylfuran such as:

U
(1.e., 2-methylfuran), wherein m 1s O and n 1s 1.

In certain embodiments, the compounds of formula (I"),
(I, (I) or (I-b) may be a dialkylfuran such as:

U
(1.e., 2,5-dimethylituran), wheremn m 1s 1, and n 1s 1; or
U
(1.e., 2-ethyl-5-methylfuran), wherem m 1s 2, and n 1s 1; or
m 1s 1, and n 1s 2.

(D
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It should be understood that the methods described herein
to produce the compounds of formulae (I'") and (I') also
apply to the compounds of formulae (I), (I-a) and (I-b), to
the extent that 1s chemically feasible.

Compounds of Formula (A)
In some aspects, the methods provided herein produce

compounds of formula (I") from compounds of formula
(A"):

(A")
R la 0O R22,
\/
R* RY
wherein:
R' is C_ alkyl, —(CH,), ,CH(O), —(CH,) OH, or
—(CH,), Y, wherein:
m 1s an integer greater than or equal to 0, provided that
when m is 0, R'? is H; and
Y 1s halo;
R** 1s —(CH,),_,CH(O), —(CH,), OH, or —(CH,), X,
wherein:

n 1s an mteger greater than or equal to 1; and

X 1s halo; and

R* and R*> are independently H or alkyl.

In some variations, R* and R” are each H. In other
variations, R* and R” are independently alkyl. In certain
variations, R* 1s H, and R* 1s alkyl; or R* 1s alkyl, and R” 1s
H. In one variation, the alkyl 1s methyl or ethyl.

In some aspects, the methods provided herein produce
compounds of formula (I') from compounds of formula (A):

(A)
R la 0O R2a
r
wherein:
R' is C, alkyl, —(CH,), ,CH(O), —(CH,), OH, or
—(CH,)_ Y, wherein:
m 1s an integer greater than or equal to 0, provided that

when m is 0, R'? is H; and
Y 1s halo; and
R** is —(CH,,), ,CH(O), —(CH,,),OH, or —(CH.), X,
wherein:

n 1s an integer greater than or equal to 1; and
X 1s halo.

In some embodiments, R'“ is C_ alkyl or —(CH,),,Y. In
other embodiments, R'* is —(CH,) ,CH(O) or
—(CH,)_,OH.

In some varnations, the methods provided herein produce
compounds having the structure of formula (I'), wherein m
is 0, and thus R" is H, from compounds of formula (A-1):

(A-1)

wherein:
R** is —(CH,),.,CH(0), —(CH,), OH, or —(CH,), X,
wherein n 1s as defined for formula (I'), and X 1s halo.
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In other variations, the methods provided herein produce
compounds having the structure of formula (I'), wherein R*
1s C_ alkyl, wherein m 1s an integer greater than or equal to
1. Examples of such compounds include compounds of

formula (A-11): 5

| . (A-ii)
R ‘1

Rzﬂ
A4
wherein:

R'“is C,_ alkyl, or —(CH,), Y, wherein:

m 1s an 1nteger greater than or equal to 1; and

Y 1s halo; and

R** is —(CH.,),_,CH(O), —(CH,),,OH, or —(CH,) X,
wherein:

n 1s an integer greater than or equal to 1, and

X 1s halo.

In some vanations of the compounds of formulaec (A")
and (A), R** is H. Examples of such compounds include:

10

15

20

25

30

(wherein X 1s halo).

In other variations of the compounds of formulae (A") and
(A), R'* 1s C, alkyl. For example, in one variation, R"* is
methyl (1.e., C, alkyl), ethyl (1.e., C, alkyl), or propyl (1.e.,
C; alkyl). Examples of such compounds include:

35

O
45
U
(wheremn X 1s halo).

In yet other variations of the compounds of formulae (A"), 50
(A) and (A-ii), R'* is —(CH,), Y. For example, in one
variation, R'* is —CH)Y, —CH,CH)Y, or
—CH,CH,CH,Y. In one embodimentj Y is chloro. In
another embodiments, Y 1s bromo. In yet another embodi-
ment, Y 1s tluoro. Examples of such compounds include: 55

60

(wherein Y 1s halo).

In some vanations of the compounds of formulae (A"),
(A), (A-1) and (A-11) that may be combined with any of the 65
foregoing variations, R*? is —(CH,), _,CH(O). Examples of
such compounds include:

14
O O
O H O
\ J = \ [ n
O
O

(wherein Y 1s halo).

In other variations of the compounds of formulae (A"),

(A), (A-1) and (A-11) that may be combined with any of the
foregoing variations, R** is —(CH,), OH. Examples of such
compounds include:

O 8| O

In other variations of the compounds of formulae (A"),
(A), (A-1) and (A-11) that may be combined with any of the
foregoing variations, R** is —(CH,), X. In one embodiment,
X 1s chloro. In another embodiments, X 1s bromo. In yet
another embodiment, X 1s fluoro. Examples of such com-
pounds include:

(wheremn X 1s halo).

It should be understood that any variations of R** and R*“

may be combined as 1if each and every variation was
individually listed. For example, with reference to FIG. 5A,

the compound of formula (A) 1s

(A)

wherein:
R' is —(CH,) Y, wherein:
m 1s an integer greater than or equal to 1; and
Y 1s halo; and
R**is —(CH,), ,CH(O), wherein:
n 1s an integer greater than or equal to 1.

In one variation, the compound of formula (A) 1s:

In another example, with reference to FIG. 5B, the
compound of formula (A) 1s:
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(A)

wherein:
R'“is C _ alkyl, wherein:
m 1s an integer greater than or equal to 1; and
R** is —(CH,), ,CH(O), wherein:
n 1s an integer greater than or equal to 1.
In one vanation, the compound of formula (A) 1s:

O
In another example, with reference to FIG. 5C, the
compound of formula (A) 1s:

R M\Og :
wherein:

R'“is C  alkyl, wherein:
m 1s an 1nteger greater than or equal to 1; and
R** is —(CH,), OH, wherein:
n 1s an integer greater than or equal to 1.
In one vanation, the compound of formula (A) 1s:

\@/\om

In yet another example, with reference to FIG. 3D, the
compound of formula (A) 1s:

(A)

(A)

wherein:

R'“ is C  alkyl, wherein:

m 1s an integer greater than or equal to 1; and

R** is —(CH,), X, wherein:

n 1s an integer greater than or equal to 1; and

X 1s halo.
In one vanation, the compound of formula (A) 1s:

O
U

(wheremn X 1s halo).

In another example, with reference to FIG. SE, the com-
pound of formula (A) 1s:
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(A)

wherein:
R'“ is H; and
R** is —(CH,,), _,CH(O), wherein:
n 1s an mteger greater than or equal to 1.
In one variation, the compound of formula (A) 1s:

In yet another example, with reference to FIG. SE, the
compound of formula (A) 1s:

(A)
R2a

\ /

o4
&
Qﬁ

wherein:
R'“ is H; and
R*“* is —(CH,), OH, wherein:
n 1s an mteger greater than or equal to 1.
In one variation, the compound of formula (A) 1s:

H\O/\OH.

In yet another example, with reference to FIG. 5G, the
compound of formula (A) 1s:

(A)

wherein:
R'“ is H; and
R*“* is —(CH,), X, wherein:
n 1s an integer greater than or equal to 1; and

X 1s halo.
In one variation, the compound of formula (A) 1s:

A

(wheremn X 1s halo).

In yet another example, with reference to FIG. 5H, the
compound of formula (A) 1s:
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(A)
wherein:
R'“ is —(CH,),,_,CH(O), wherein:
m 1s an integer greater than or equal to 0; and
R** is —(CH,,), _,CH(Q) wherein:
n 1s an integer greater than or equal to 1.
In one vanation, the compound of formula (A) 1s:
O O
O

In yet another example, with reference to FIG. 51, the
compound of formula (A) 1s:

(A)

wherein:

R'“ is —(CH,), OH, wherein:

m 1s an integer greater than or equal to 0; and

R*“ is —(CH,), OH, wherein:

n 1s an integer greater than or equal to 1.
In one vanation, the compound of formula (A) 1s:

O
HO/\@/\OH.

In some variations of the compounds of formula (A") and
(A), m1s 0. In some variations of the compound of formula
(A"), (A), (A-1) or (A-11), m 1s between 1 and 50, between 1
and 25, between 1 and 20, between 1 and 15, between 1 and
10, or between 1 and 5. In certain variations, m1s 1, 2, 3, 4,
or 5. In one vanation, m 1s 1.

In some variations of the compounds of formula (A"),
(A), (A-1) or (A-11), n1s between 1 and 50, between 1 and 23,
between 1 and 20, between 1 and 15, between 1 and 10, or
between 1 and 5. In certain vanations, n 1s 1, 2, 3, 4, or 5.
In one variation, n 1s 1.

In other variations of the compounds of formula (A"), (A),
(A-1) or (A-1), 1t should be understood that any combina-
tions of variables m and n described above can be used. For
example, 1n certain vanations of the compound of formula
(I') or (1), m 1s between 1 and 50; and n 1s between 1 and 30.
In one variation, m 1s 1, and n 1s 2. In another variation, m
1s 0, and n 1s 1. Variables m and n may, in certain embodi-
ments, be the same integer or a diflerent 1nteger.
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In certain embodiments, the compounds of formula (A"),
(A) or (A-1) may be:

O O
~

(wherein m 1s O and n 1s 1 1n each instance).
In certain embodiments, the compounds of formula (A"),

(A) or (A-11) may be:

\Q/\

(wherein m 1s 1 and n 1s 1 1n each instance).
Catalysts

In some vanations of the methods provided herein to
produce alkyliurans (e.g., compounds of formulae (I"), (I'),
(I), (I-a) and (I-b)), the corresponding compounds of for-
mulae (A"), (A), (A-1) and (A-11) may be reduced in the
presence of a catalyst. The catalysts used herein may be
obtained from any commercially available sources or pre-
pared according to any suitable methods known in the art.
Suitable catalysts include any catalysts that can improve
selectivity of the formation of dialkylfurans and other alky-
Ifurans, while minimizing the formation of other products.

In certain embodiments, the catalyst 1s a metal catalyst. In
some variations, the catalyst includes a noble metal. Noble
metals include, for example, ruthenium, rhodium, palla-
dium, silver, osmium, iridium, platinum, and gold.

In other variations, the catalyst includes at least one
transition metal. In one embodiment, the catalyst includes
only one metal. In other embodiments, the catalyst includes
two or more metals. In certain embodiments, the catalyst
includes two metals or three metals.

In some variations, the catalyst includes at least one
Group 10 metal, either alone or 1n combination with another
Group 10 metal or with at least one Group 11 metal. It
should be understood that the group number used for the
metals follow the IUPAC or long-form nomenclature, which
1s well-known 1n the art. In one embodiment, the Group 10
metal 1s palladium or platinum. Thus, 1n some variations, the
catalyst includes palladium, platinum, or a combination
thereof. For example, 1n one variation, the catalyst 1s palla-
dium on carbon (Pd/C) or palladium chloride (PdCl,).

In certain variations, the catalyst further includes at least
one Group 11 metal. In one variation, the Group 11 metal 1s

copper, gold, or silver. Thus, 1n some variations, the catalyst
includes (1) palladium or platinum, and (1) at least one
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additional metal selected from the group consisting of gold,
silver, and copper, or any combination thereof.

In some embodiments, the catalyst includes:

(1) palladium:;

(1) palladium and platinum;

(111) palladium and gold;

(1v) palladium and copper;

(v) palladium and silver;

(v1) platinum;

(vi1) platinum and gold;

(vi1) platinum and copper; or

(1x) platinum and silver.

In certain embodiments, the catalyst includes:

(1) palladium:;

(1) palladium and platinum;

(11) palladium and gold;

(1v) palladium and copper;

(v) palladium and silver;

(v1) platinum and copper;

(vi1) platinum and gold; or

(vi1) platinum and silver.

In certain embodiments, the catalyst includes:

(1) palladium and platinum;

(1) palladium and gold;

(111) palladium and copper;

(1v) palladium and silver;

(v) platinum and gold;

(v1) platinum and copper; or

(vi1) platinum and silver.

In one embodiment, the catalyst includes:

(1) palladium and platinum;

(11) palladium and gold; or

(111) palladium and silver.

In other embodiments, the catalyst further includes a
promoter, which may alter the acid/base characteristics of
the catalyst. For example, the promoter may be any sub-
stance that can further improve selectivity of the formation
of dialkylfurans and other alkylfurans. In certain embodi-
ments, the promoter acts as a base. For example, in some
variations, the promoter 1s an alkali metal. In certain varia-
tions, the promoter 1s selected from Group 1 or Group 2. In
one variation, the promoter 1s potassium. An example of a
catalyst that includes a promoter may be a catalyst made up
of palladium, gold and potassium.

The amount of metal present 1n the catalyst may vary. For
example, 1n some embodiments where the catalyst includes
palladium and at least one additional metal, the palladium
and the at least one additional metal are present in the
catalyst 1n a weight ratio of 0.5 to 20. In other embodiments
where the catalyst includes platinum and at least one addi-
tional metal, the palladium and the at least one additional
metal are present 1n the catalyst 1n a weight ratio of 0.5 to
20. In some variations, the amounts of the metal present
described above do not include the amount of promoter
present 1n the catalyst.

In other embodiments, the catalyst has a total metal
loading between 0.1% to 15% by weight. It should be
understood that the “total metal loading™ of a catalyst refers
to the sum of the weight percent of the metals (e.g., Group
10 metal, Group 11 metal) present in the catalyst. In some
variations, the total metal loading described above does not
include the weight percent of a promoter (1f present).

In some embodiments, the catalyst may be a homoge-
neous or heterogeneous catalyst 1n the reaction mixture. In
one variation, the catalyst 1s homogeneous in the reaction
mixture. Such homogeneous catalysts may include, for
example, palladium chloride, palladium acetate, (2,2'-bipyri-
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dine)dichloropalladium(II), bis(triphenylphosphine)palladi-
um(Il) dichloride, tris(dibenzylideneacetone)dipalladium
(0).

In another variation, the catalyst 1s heterogeneous 1n the
reaction mixture. In certain embodiments, the catalyst fur-
ther includes a solid support. Thus, in some embodiments,
the catalyst 1s a solid-supported catalyst. In one embodi-
ment, the catalyst 1s a solid-supported metal catalyst. In
some variations, the solid-supported metal catalyst used
herein 1s metal catalyst where the metal 1s deposited or
impregnated onto a support. In other variations, the solid-
supported metal catalyst 1s metal catalyst where the metal 1s
precipitated onto a support.

In some variations, the solid support includes carbon, a
Group 3 metal oxide, a Group 13 metal oxide, a Group 4
metal oxide, a Group 14 metal oxide, or a Group 5 metal
oxide, or any combination thereof. In certain variations, the
solid support includes carbon, silica, alumina, titania, mag-
nesium silicate, aluminosilicate, magnesium oxide, calctum
oxide, or zinc oxide, or any combination thereof. In one
variation, the solid support includes carbon, alumina, mag-
nesium oxide, or zeolite, or any combination thereof.

In some variations, examples of suitable catalysts used
herein may include:

Pd/Al,Oj;;

Pd/C;

Pd+Pt/MgO;

Pd+Au/MgO;

Pd/MgO;

Pd/ZSM35;

Pd/Beta zeolite;

Pd+Au+K/C;

Pd+Ag/C;

Pd+Pt/C;

Pt+Cu/C;

Pt+Au/C;

Pt+Ag/C; or

Pd+Au/C; or

or any combination thereof.

In one variation, the catalyst 1s:

Pd/Al,Oj;;

Pd/C;

2.5% Pd+1.5% Pt/MgO:;

3% Pd+0.5% Au/MgO;

4% Pd/MgO;

4% Pd/ZSM35;

4% Pd/Beta zeolite;

4% Pd/C;

3% Pd+0.5% Au+0.6% K/C;

3% Pd+0.5% Au+0.3% K/C;

3% Pd+1.0% Ag/C;

3% Pd+0.5% Au/C;

3% Pd+1% Au/C;

2% Pd+2% Pt/C;

2% Pd+2% Ag/C;

4% Pt+0.5% Cu/C;

3% Pt+2.0% Avw/C;

3% Pt+1% Ag/C;

3% Pd+1.0% Au/C; or

3% Pt+1.0% Ag/C,

or any combination thereof.

It should be understood that the metal loading on a
support 1s given 1n weight % for a specific metal based on
the weight of the catalyst. For example, a 3% Pd+0.5%
Au/MgO has 3 weight % palladium (as the zero valent
metal) and 0.5 weight % gold on a magnesium oxide
support. In some variations where the catalyst includes a
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promoter, the metal loading described above does not
include the weight percent of the promoter.

Any suitable methods or techniques known 1n the art may
be employed to prepare the catalysts, including the solid-
supported catalysts, used 1n the methods provided herein to
produce dialkylfurans. For example, supported metal cata-
lysts can be prepared by impregnation, deposition-precipi-
tation, and chemical vapor deposition.

In some embodiments, the metal catalysts provided herein
are prepared by impregnation. In one vaniation, metal may
be added to a support by incipient wetness. One of skill in
the art would recognize that incipient wetness impregnation
1s a commonly used technique for the synthesis of hetero-
geneous catalysts. The active metal precursor may be dis-
solved 1n an aqueous or organic solution. Then, the metal-
containing solution may be added to a catalyst support
containing the same pore volume as the volume of the
solution that was added. Capillary action draws the solution
into the pores. Solution added 1n excess of the support pore
volume may cause the solution transport to change from a
capillary action process to a diflusion process, which 1is
typically slower. The catalyst can then be dried and calcined
to drive off the volatile components within the solution,
depositing the metal on the catalyst surface. The maximum
loading 1s limited by the solubility of the precursor in the
solution. After drying, the catalyst can be treated in hydro-
gen (or other reducing agent) to convert the metal compo-
nent to a lower valent form (e.g., “0” valent).

In another example, for some of the palladium catalysts
described herein, palladium chloride may be used as a
precursor. For other bimetallic systems, other chloride con-
taining precursors were used for the second metal, for
example cupric chloride, hexachloroplatinic acid, gold chlo-
ride trihydrate. For other systems, such as a Pd/Ag bime-
tallic catalyst, silver nitrate and palladium nitrate (or
diamine palladium dinitrite) may be used. The metal pre-
cursors are typically dissolved in water, but some non-
aqueous preparations may also be used. In another example,
a bimetallic Pd/Au system may be prepared on a MgO
support. In this case, palladium acetate and gold acetate may
be used as precursors and dissolved 1n acetonitrile.

Solid-Supported Metal Catalysts with Basic Solid Sup-
port

In some embodiments of the methods provided herein to
produce alkylfurans, the compound of formula (A") or (A)
1s converted to the alkylfuran in the presence of (1) hydrogen
and (2) a solid-supported metal catalyst that includes a metal
component and a basic solid support.

The metal component may include any of the metals
described herein. In some variations, the metal component
includes at least one, at least two, or at least three metals; or
between one and five, between one and four, or between one
and three metals; or one, two or three metals. In one
variation, the metal components includes a noble metal. In
another variation, the metal component includes at least one
Group 10 metal. In another vanation, the metal component
includes (1) at least one Group 10 metal, and (11) at least one
Group 11 metal. For example, 1n one variation, the metal
component includes (1) palladium, or platinum, or a com-
bination thereof; and (1) gold, silver, or copper, or any
combination thereof.

In one variation, the metal component includes palladium
and at least one additional metal, wherein the palladium and
the least one additional metal are present 1n the catalyst 1n a
weight ratio of 0.1 to 20; 0.2 to 20, 0.3 to 20; 0.4 to 20; 0.5
to 20; 0.6 to 20; 0.7 to 20; 0.8 to 20; 0.9 to 20; 1 to 20; 5 to
20; 10 to 20; 0.1 to 15; 0.2 1o 15, 0.3 to 15; 04 to 15; 0.5
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t0 15;0.6t0 15;0.71t015;0.8t015;09t015;1to15;5to
15; 10 to 15; 0.1 to 10; 0.2 to 10, 0.3 to 10; 0.4 to 10; 0.5
to 10; 0.6 to 10; 0.7 to 10; 0.8 to 10; 0.9 to 10; 1 to 10; or
S to 10.

In some variations, the metal component includes:

(1) palladium:;

(1) palladium and platinum:;

(111) palladium and gold;

(1v) palladium and copper;

(v) palladium and silver;

(v1) platinum;

(vi1) platinum and gold;

(vii1) platinum and copper; or

(1x) platinum and silver.

In certain vanations, the catalyst has a total metal loading,
between 0.1% to 20% by weight; between 0.1% to 15% by
weight; between 0.1% to 10% by weight; between 0.1% to
3% by weight; or between 0.1% to 1% by weight.

In some embodiments, a basic solid support 1s a solid
support that (1) has more basic sites than acidic sites and (11)
chemisorbs at least 0.001 g carbon dioxide/g solid support.
In some variations, the basic solid support chemisorbs at
least 0.005 g carbon dioxide/g solid support, at least 0.01 g
carbon dioxide/g solid support, at least 0.05 g carbon
dioxide/g solid support, at least 0.1 g carbon dioxide/g solid
support, at least 0.2 g carbon dioxide/g solid support, at least
0.25 g carbon dioxide/g solid support, at least 0.3 g carbon
dioxide/g solid support, at least 0.35 g carbon dioxide/g
solid support, at least 0.4 g carbon dioxide/g solid support,
at least 0.45 g carbon dioxide/g solid support, at least 0.5 g
carbon dioxide/g solid support, at least 0.55 g carbon
dioxide/g solid support, at least 0.6 g carbon dioxide/g solid
support, at least 0.65 g carbon dioxide/g solid support, or at
least 0.7 g carbon dioxide/g solid support; or between 0.005
g carbon dioxide/g solid support and 0.75 g carbon dioxide/g
solid support, between 0.001 g carbon dioxide/g solid sup-
port and 0.75 g carbon dioxide/g solid support, between 0.01
g carbon dioxide/g solid support and 0.75 g carbon dioxide/g
solid support, between 0.1 g carbon dioxide/g solid support
and 0.75 g carbon dioxide/g solid support, between 0.15 g
carbon dioxide/g solid support and 0.75 g carbon dioxide/g
solid support, between 0.2 g carbon dioxide/g solid support
and 0.75 g carbon dioxide/g solid support, between 0.25 g
carbon dioxide/g solid support and 0.75 g carbon dioxide/g
solid support, between 0.3 g carbon dioxide/g solid support
and 0.75 g carbon dioxide/g solid support, between 0.35 g
carbon dioxide/g solid support and 0.75 g carbon dioxide/g
solid support, between 0.4 g carbon dioxide/g solid support
and 0.75 g carbon dioxide/g solid support, between 0.45 g
carbon dioxide/g solid support and 0.75 g carbon dioxide/g
solid support, between 0.5 g carbon dioxide/g solid support
and 0.75 g carbon dioxide/g solid support, between 0.55 g
carbon dioxide/g solid support and 0.75 g carbon dioxide/g
solid support, between 0.6 g carbon dioxide/g solid support
and 0.75 g carbon dioxide/g solid support, between 0.65 g
carbon dioxide/g solid support and 0.75 g carbon dioxide/g
solid support, between 0.005 g carbon dioxide/g solid sup-
port and 0.7 g carbon dioxide/g solid support, between 0.005
g carbon dioxide/g solid support and 0.65 g carbon dioxide/g
solid support, between 0.005 g carbon dioxide/g solid sup-
port and 0.6 g carbon dioxide/g solid support, between 0.005
g carbon dioxide/g solid support and 0.55 g carbon dioxide/g
solid support, between 0.005 g carbon dioxide/g solid sup-
port and 0.5 g carbon dioxide/g solid support, between 0.005
g carbon dioxide/g solid support and 0.45 g carbon dioxide/g
solid support, between 0.005 g carbon dioxide/g solid sup-
port and 0.4 g carbon dioxide/g solid support, between 0.005



US 9,840,486 B2

23

g carbon dioxide/g solid support and 0.35 g carbon dioxide/g
solid support, between 0.005 g carbon dioxide/g solid sup-
port and 0.3 g carbon dioxide/g solid support, between 0.0035
g carbon dioxide/g solid support and 0.25 g carbon dioxide/g
solid support, between 0.005 g carbon dioxide/g solid sup-
port and 0.2 g carbon dioxide/g solid support, between 0.0035
g carbon dioxide/g solid support and 0.15 g carbon dioxide/g
solid support, between 0.005 g carbon dioxide/g solid sup-
port and 0.1 g carbon dioxide/g solid support, between 0.0035
g carbon dioxide/g solid support and 0.01 g carbon dioxide/g
solid support, or between 0.25 g carbon dioxide/g solid
support and 0.5 g carbon dioxide/g solid support.

One of skill in the art would recognize that a basic site 1s
a site that can chemically react with an acidic adsorbate,
including, for example, carbon dioxide (CO,). In one varia-
tion, a basic solid support chemisorbs more moles of carbon
dioxide (CO,) than ammonia (NH,). Any suitable tech-
niques or methods known 1n the art to determine the basicity
of a matenial (e.g., a solid support) based on carbon dioxide
adsorption (e.g., carbon dioxide chemisorbtion) may be
employed.

In some variations, the number of acidic sites of the basic
solid support may be at least 2-fold, at least 5-fold, at least

10-fold, at least 50-fold, at least 100-fold, at least 150-fold,
or at least 200-fold, or between 100-fold and 500-fold,
between 100-fold and 250-fold than the number of basic
sites.

It should generally be understood that the basicity of the
solid support refers to the overall basicity of the solid
support. One of skill 1n the art would also appreciate that
solid bases can generally be classified by their main or
predominant surface property, for example, as set forth in
Chapter 5 entfitled “Solid Acid and Base Catalysts” by K.
Tanabe 1n Anderson & Boudart, Catalysis—Science & Tech-
nology, Vol. 2 (1981).

In some variations, the basic solid support includes a
metal oxide. In certain vanations, the basic solid support
includes a basic metal oxide. In certain variations, a basic
metal oxide 1s a metal oxide that has more basic sites than
acidic sites. In some variations, the number of acidic sites of
the basic metal oxide may be at least 2-fold, at least 5-fold,
at least 10-fold, at least 50-fold, at least 100-fold, at least
150-told, or at least 200-fold, or between 100-fold and
500-1fold, between 100-fold and 250-fold lower than the
number of basic sites. It should generally be understood that
the basicity of the metal oxide refers to the overall basicity
of the metal oxide.

In other vaniations, the basic solid support includes an
alkal1 earth metal oxide.

In some embodiments, the metal oxides that make up the
basic solid support are selected from BeO, MgO, CaO, SrO,
BaO, ZnO, Al,O,;, Y,O,, La,0O,, CeO,, ThO,, T10,, ZrO,
and SnO,. In certain embodiments, the metal oxides that
make up the basic solid support are selected from BeO,
MgO, CaO, SrO, BaO, Y,O,, and La,O,. In one variation,
the metal oxide 1s MgQO.

It should generally be understood that certain metal
oxides, such as Al,O,, may also be used 1n the acidic solid
support, as further described below, 1f the Al,O; has more
acidic sites than basic sites; and the Al,O; used 1n a basic
solid support has more basic sites than acidic sites.

In other vanations, the basic solid support includes a
mixed metal oxide. In some embodiments, the mixed metal
oxides 1n the basic solid support are selected from S10,—
MgO, S10,—Ca0, S10,—SrO, S10,—Ba0, S10,—7n0,
S10,—AL,O;, S10,—ThO,, S10,—T10,, S10,—ZrO,
S10,—Mo0O;, S10,—WO,, ALLO,—MgO, Al,O,—ThO,,
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Al,O,—T10,, Al,O,—7r0,, AlLO;—Mn,0O;, AlLO;—
WO,, ZrO,—7n0, ZrO,—T10,, and T10,—MgO.

Any combinations of the metal oxides and mixed metal
oxides described herein may be included 1n the basic solid
support.

In other vaniations, the basic solid support 1s a base-
modified solid support. A solid support may be modified to
make the solid support basic 1n nature. Various methods may
be employed to modity the solid support to make the solid
support basic 1n nature. For example, a solid support may be
combined with an alkali metal or alkali earth metal, or
treated with a base (e.g., at a high temperature). Such base
may include, for example, ammonia.

In certain varnations, an acidic solid support or a neutral
solid support may be modified to make the solid support
basic 1n nature. For example, the acidic solid support or the
neutral solid support may be combined with an alkali metal
or alkal1 earth metal, or treated with a base (e.g., at a high
temperature), aiter which the solid support 1s overall basic.

In one variation, carbon, aluminum oxide (also known 1n
the art as alumina) or silicon dioxide (also known 1n the art
as silica) may be combined with an alkali metal or alkali
carth metal to produce a base-modified solid support. In
another example, carbon, aluminum oxide or silicon dioxide
may be treated with a base to produce a base-modified solid
support. The carbon, aluminum oxide or silicon dioxide may
be treated with ammonia to produce a base-modified solid
support. The carbon, aluminum oxide or silicon dioxide may
also be treated at elevated temperatures to produce the
base-modified solid support.

Examples of solid-supported metal catalyst that includes
the metal component and the basic solid support described
herein include: Pd+Pt/MgO, Pd+Au/MgO, and Pd/MgO.
Any combinations of such solid-supported metal catalysts
may also be used in the methods described herein.

Such basic solid supports may be obtained from any
commercially available sources. Alternatively, any suitable
methods known 1n the art and as described herein to prepare
the solid-supported metal catalyst may be employed. For
example, the solid-supported metal catalysts can be prepared
by 1mpregnation, deposition-precipitation, and chemical
vapor deposition. In one varnation, the metal component 1s
impregnated or deposited onto the basic solid support. In
another variation the metal component 1s precipitated onto
the basic solid support.

Solid-Supported Metal Catalysts with Acidic Solid Sup-
port

In some embodiments of the methods provided herein to
produce alkylfurans, the compound of formula (A") or (A)
1s converted to the alkylfuran 1n the presence of (1) hydrogen
and (2) a solid-supported metal catalyst that includes a metal
component and an acidic solid support.

The metal component may include any of the metals
described herein. In some vanations, the metal component
includes at least one, at least two, or at least three metals; or
between one and five, between one and four, or between one
and three metals; or one, two or three metals. In one
variation, the metal components includes a noble metal. In
another variation, the metal component includes at least one
Group 10 metal. In another varnation, the metal component
includes (1) at least one Group 10 metal, and (11) at least one
Group 11 metal. For example, 1n one variation, the metal
component includes (1) palladium, or platinum, or a com-
bination thereof; and (1) gold, silver, or copper, or any
combination thereof.

In one variation, the metal component includes palladium
and at least one additional metal, wherein the palladium and
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the least one additional metal are present 1n the catalyst in a
weight ratio of 0.1 to 20; 0.2 to 20, 0.3 to 20; 0.4 to 20; 0.5

to 20; 0.6 to 20; 0.7 to 20; 0.8 to 20; 0.9 to 20; 1 to 20; 5 to
20; 10 to 20; 0.1 to 15; 0.21t0 15, 0.3 to 15; 0.4 to 15; 0.5
t0 15;0.6t0 15;0.710 15;0.8t0 15;09t015;1to 15;5 to
15; 10 to 15; 0.1 to 10; 0.2 to 10, 0.3 to 10; 0.4 to 10; 0.5
to 10; 0.6 to 10; 0.7 to 10; 0.8 to 10; 0.9 to 10; 1 to 10; or
S to 10.

In some variations, the metal component includes:

(1) palladium;

(1) palladium and platinum;

(111) palladium and gold;

(1v) palladium and copper;

(v) palladium and silver;

(v1) platinum;

(vi1) platinum and gold;

(vi1) platinum and copper; or

(1x) platinum and silver.

In certain variations, the catalyst has a total metal loading
between 0.1% to 20% by weight; between 0.1% to 15% by
weilght; between 0.1% to 10% by weight; between 0.1% to
5% by weight; or between 0.1% to 1% by weight.

In some embodiments, an acidic solid support 1s a solid
support that (1) has more acidic sites than basic sites, and (11)
chemisorbs at least 0.001 g ammonia/g solid support. In
some variations, the acidic solid support chemisorbs at least
0.002 g ammomia/g solid support, at least 0.003 g ammo-
nia/g solid support, at least 0.004 g ammonia/g solid support,
at least 0.005 g ammoma/g solid support, at least 0.001 g
ammoma/g solid support, at least 0.05 g ammonia/g solid
support, at least 0.01 g ammonia/g solid support, at least 0.1
g ammonia/g solid support, at least 0.2 g ammonia/g solid
support, at least 0.25 g ammonia/g solid support, at least 0.3
g ammonia/g solid support, at least 0.35 g ammonia/g solid
support, at least 0.4 g ammonia/g solid support, at least 0.45
g ammonia/g solid support, or at least 0.5 g ammonia/g solid
support; or between 0.001 g ammonia/g solid support and
0.5 g ammomia/g solid support, between 0.002 g ammonia/g
solid support and 0.5 g ammoma/g solid support, between
0.003 g ammonia/g solid support and 0.5 g ammonia/g solid
support, between 0.004 ¢ ammonia/g solid support and 0.5
g ammoma/g solid support, between 0.005 g ammonia/g
solid support and 0.5 g ammoma/g solid support, between
0.006 g ammonia/g solid support and 0.5 g ammonia/g solid
support, between 0.007 g ammonia/g solid support and 0.5
g ammomnia/g solid support, between 0.008 g ammonia/g
solid support and 0.5 g ammoma/g solid support, between
0.009 g ammoma/g solid support and 0.5 g ammonia/g solid
support, between 0.01 g ammonia/g solid support and 0.5 g
ammomnia/g solid support, between 0.05 g ammonia/g solid
support and 0.5 g ammonia/g solid support, between 0.1 g
ammomnia/g solid support and 0.5 g ammonia/g solid support,
between 0.2 g ammonia/g solid support and 0.5 g ammo-
nia/g solid support, between 0.3 g ammomnia/g solid support
and 0.5 g ammonia/g solid support, between 0.4 g ammo-
nia/g solid support and 0.5 g ammomnia/g solid support,
between 0.1 g ammonia/g solid support and 0.3 g ammo-
nia/g solid support, between 0.2 g ammomnia/g solid support
and 0.25 g ammonia/g solid support, or between 0.25 g
ammomnia/g solid support and 0.5 g ammonia/g solid support.

One of skill in the art would recognize that an acidic site
1s a site that can chemically react with a basic adsorbate,
including, for example, ammonia (NH,). Any suitable tech-
niques or methods known 1n the art to determine the acidity
of a material (e.g., a solid support) based on ammonia
adsorption (e.g., ammonia chemisorbtion) may be
employed.
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In some variations, the number of basic sites of the acidic
solid support may be at least 2-fold, at least 5-fold, at least

10-fold, at least 50-1fold, at least 100-fold, at least 150-1old,
or at least 200-fold, or between 100-fold and 500-fold,
between 100-fold and 250-fold lower than the number of

acidic sites.

It should generally be understood that the acidity of the
solid support refers to the overall acidity of the solid support.
One of skill 1in the art would appreciate that solid acids can
generally be classified by their main or predominant surface
property, for example, as set forth in Chapter 5 enfitled
“Solid Acid and Base Catalysts™ by K. Tanabe in Anderson
& Boudart, Catalysis—Science & Technology, Vol. 2
(1981).

In some vanations, the acidic solid support includes a
metal oxide. In certain variations, the acidic solid support
includes an acidic metal oxide. In certain variations, an
acidic metal oxide 1s a metal oxide that has more acidic sites
than basic sites. In some variations, the number of basic sites
of the acidic metal oxide may be at least 2-fold, at least
5-fold, at least 10-fold, at least 50-fold, at least 100-fold, at
least 150-fold, or at least 200-fold, or between 100-fold and
500-fold, between 100-fold and 250-fold lower than the
number of acidic sites. It should generally be understood that
the acidity of the metal oxide refers to the overall acidity of

the metal oxide.

In some embodiments, the metal oxides 1n the acidic solid
support are selected from S10,, ZnO, CdO, Al,O,, CeO,,
ThO,, T10,, ZrO,, SnO,, PbO, As,O,, B1,0,, Sb,0O., V,O.,
Cr,0;, MoO, and WO,. In one vanation, the metal oxide 1s
S10,. In another variation, the metal oxide 1s Al,QO,.

It should generally be understood that certain metal
oxides, such as Al,O,, may also be used in the basic solid
support, as further described above, 11 the Al,O, has more
basic sites than acidic sites; and the Al,O; used 1n an acidic
solid support has more acidic sites than basic sites.

In other variations, the acidic solid support includes a
mixed metal oxide. In some embodiments, the mixed metal
oxides 1n the acidic solid support are selected from S10,—
Al,O;, S10,—T10,, S10,—Sn0,, S10,—7Zr0,, S10,—
BeO, S10,—MgO, S10,—Ca0, S10,—Sr0O, S10,—7n0,
S10,—Ga, 05, S10,—Yr0O;, Si—0,—La,0;, S10,—
MoQO;, S10,—WO0O;, S10,—V,0., S10,—ThO,, Al,O;—
MgO, Al,O,—Z7n0, Al,O,—CdO, Al,O0,—B,0,, Al,LO;—
ThO,, AlLO,—T10,, AlL,O,—7r0O,, AlLLO,—V,0.,
Al,O,—MoO,, Al,0,—WO,, Al,O,—Cr,0,, Al,O,—
Mn,O,;, Al,O;—Fe,0;, Al,O,—Co0,0,, Al,O0,—Ni1O,
T10,—CuO, Ti0,—MgO, TiO0,—7Zn0O, TiO,—CdO,
110,—7r0,, T10,—Sn0O,, Ti0O,—B1,0,, Ti0,—Sb,0.,
T10,—V, 0., T10,—Cr,0,, T10,—Mo0O,, Ti0,—WO,,
T10,—Mn,0,, T10,—Fe,O,, Ti0,—Co0,0,, T10,—N10,
/rOQ,—CdO, ZnO—MgO, ZnO—Fe,0,;, MoO,—CoO—
Al,O,, MoO,—Ni10O—ALO,, Ti0,—S10,—MgO, and
MoO,—Al,O0,—MgO. Any combinations of the metal
oxides and mixed metal oxides described herein may be
included 1n the acidic solid support.

In yet other variations, the acidic solid support includes a
zeolite. For example, such zeolites may include ZSM5 and
Beta zeolite.

In other vaniations, the acidic solid support 1s an acid-
modified solid support. A solid support may be modified to
make the solid support acidic in nature. Various methods
may be employed to modity the solid support to make the
solid support acidic in nature. In certain variations, an basic
solid support may be modified to make the acidic support
basic in nature.
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Examples of such solid-supported metal catalyst that
includes the metal component and the acidic solid support

described herein include: Pd/Al,O,; Pd/ZSMS5; Pd/Beta zeo-
lite; Pd+Au/Al,O5; Pd+Ag/Al,O;; and Pd+Cu/Al,O;4. In
one vanation, the solid-supported metal catalyst 1s
Pd/Al,O,. Any combinations of such solid-supported metal
catalysts may also be used 1n the methods described herein.

Such acidic solid supports may be obtained from any
commercially available sources. Alternatively, any suitable
methods known 1n the art and as described herein to prepare
the solid-supported metal catalyst may be employed. For
example, the solid-supported metal catalysts can be prepared
by 1mpregnation, deposition-precipitation, and chemical
vapor deposition. In one variation, the metal component 1s
impregnated or deposited onto the acidic solid support. In
another variation the metal component 1s precipitated onto
the acidic solid support.

In some embodiments of the methods described herein,
when an acidic solid support 1s used 1n the solid-supported
metal catalyst, an amide reagent, or a urea reagent, or a
combination thereof, may also be used. Any of the amide
and urea reagents described herein may be used. In other
embodiments, when an acidic solid support 1s used 1n the
solid-supported metal catalyst, an aromatic reagent may also
be used. Any of the aromatic reagents described herein may
be used.

Solid-Supported Metal Catalysts with Neutral Solid Sup-
port

In some embodiments of the methods provided herein to
produce alkylfurans, the compound of formula (A") or (A)
1s converted to the alkylfuran in the presence of (1) hydrogen
and (2) a solid-supported metal catalyst that includes a metal
component and a neutral solid support.

The metal component may include any of the metals
described herein. In some variations, the metal component
includes at least one, at least two, or at least three metals; or
between one and five, between one and four, or between one
and three metals; or one, two or three metals. In one
variation, the metal components includes a noble metal. In
another variation, the metal component includes at least one
Group 10 metal. In another vanation, the metal component
includes (1) at least one Group 10 metal, and (11) at least one
Group 11 metal. For example, 1n one variation, the metal
component includes (1) palladium, or platinum, or a com-
bination thereof; and (1) gold, silver, or copper, or any
combination thereof.

In one variation, the metal component includes palladium
and at least one additional metal, wherein the palladium and
the least one additional metal are present 1n the catalyst 1n a
weight ratio of 0.1 to 20; 0.2 to 20, 0.3 to 20; 0.4 to 20; 0.5
to 20; 0.6 to 20; 0.7 to 20; 0.8 to 20; 0.9 to 20; 1 to 20; 5 to
20; 10 to 20; 0.1 to 15; 0.2 1o 15, 0.3 to 15; 04 to 15; 0.5
t0 15; 0.6 to 15; 0.71t0 15;0.8t0 15;09t0 15;1to 15;5 to
15;: 10 to 15; 0.1 to 10; 0.2 to 10, 0.3 to 10; 0.4 to 10; 0.5
to 10; 0.6 to 10; 0.7 to 10; 0.8 to 10; 0.9 to 10; 1 to 10; or
S to 10.

In some variations, the metal component 1ncludes:

(1) palladium;

(1) palladium and platinum;

(111) palladium and gold;

(1v) palladium and copper;

(v) palladium and silver;

(v1) platinum;

(vi1) platinum and gold;

(vi1) platinum and copper; or

(1x) platinum and silver.
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In certain varnations, the catalyst has a total metal loading
between 0.1% to 20% by weight; between 0.1% to 15% by
weight; between 0.1% to 10% by weight; between 0.1% to
5% by weight; or between 0.1% to 1% by weight.

A neutral solid support 1s any solid support other than a
basic solid support and an acidic solid support, as described
herein.

In some variations, the neutral solid support 1s carbon. In
one variation, the neutral solid support i1s activated carbon.

Such neutral solid supports may be obtained from any
commercially available sources. Alternatively, any suitable
methods known 1n the art and as described herein to prepare
the solid-supported metal catalyst may be employed. For
example, the solid-supported metal catalysts can be prepared
by 1mpregnation, deposition-precipitation, and chemical
vapor deposition. In one vanation, the metal component 1s
impregnated or deposited onto the neutral solid support. In
another variation the metal component 1s precipitated onto
the neutral solid support.

Examples of such solid-supported metal catalyst that
includes the metal component and the neutral solid support
described herein include: Pd/C; Pd+Au+K/C; Pd+Ag/C;
Pd+Pt/C; Pt+Cu/C; Pt+Auw/C; Pt+Ag/C; and Pd+Au/C. In
some variations, the solid-supported metal catalyst 1s
Pd+Au+K/C; Pd+Ag/C; Pd+Pt/C; Pt+Cu/C; Pt+AW/C;
Pt+Ag/C; and Pd+Au/C. Any combinations of such solid-
supported metal catalysts may also be used in the methods
described herein.

In some embodiments of the methods described herein,
when a neutral solid support 1s used in the solid-supported
metal catalyst, an amide reagent, or a urea reagent, or a
combination thereof, may also be used. Any of the amide
and urea reagents described herein may be used. In other
embodiments, when an neutral solid support 1s used 1n the
solid-supported metal catalyst, an aromatic reagent may also
be used. Any of the aromatic reagents described herein may
be used.

Catalyst Regeneration

The catalysts used in the methods described herein can be
regenerated and recycled. For example, the solid-supported
metal catalyst used 1n the conversion of the compound of
formula (A") or (A) to the alkylfurans described herein may
become a residual solid-supported metal catalyst. In some
variations, the methods described herein further includes
1solating the residual metal catalyst. In other variations, the
methods described herein further includes: regenerating the
residual solid-supported metal catalyst to produce a regen-
erated solid-supported metal catalyst; and combining the
regenerated solid-supported metal catalyst with additional
compound of formula (A") or (A) to produce the alkylfurans
described herein.

Any suitable methods known 1n the art may be used to
regenerate the catalysts. For example, the residual metal
catalyst can be treated with air and heat at elevated tem-
peratures (e.g., 500° C.), followed by reduction with H, and
heat (e.g., 225° C.).

Acid

In some varnations of the methods provided herein to
produce alkyliurans, the compounds of formula (A") or (A)
are converted to alkylfurans in the presence of (1) hydrogen
and (2) a catalyst comprising a metal component and a solid
support. In certain variations of the methods provided herein
to produce alkyliurans, the compounds of formula (A") or
(A) are converted to alkylfurans in the presence of (1)
hydrogen, (2) a catalyst comprising a metal component and
a solid support, and (3) an amide reagent, or a urea reagent,
or a combination thereof under acidic conditions. For
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example, the use of an acidic solid support and/or the
addition of an acid or generation of acid 1n situ may
contribute to the acidic conditions.

In some vanations of the methods provided herein to
produce alkylfurans, the compounds of formula (A") or (A)
may be reduced 1n the further presence of acid. In certain
variations ol the methods provided herein to produce alky-
Ifurans, the compounds of formula (A") or (A) are converted
to alkylfurans 1n the presence of (1) hydrogen, (2) a catalyst
comprising a metal component and a solid support, (3) an
amide reagent, or a urea reagent, or a combination thereof,
and (4) an acid.

In some embodiments, the acid 1s a Bronsted acid. In
some embodiments, the acid has a formula H—X, where X
1s halo. In one variation where the acid 1s H—X, X 1s chloro.
In another vanation, X 1s bromo. In yet another varnation, X
1s fluoro.

In other embodiments, the acid i1s sulfonic acid. In yet
other varniations, the acid 1s a solid acid.

Such acid may be added to the reaction mixture or
generated 1n situ from the catalysts described herein. For
example, 1n one variation, hydrochloric acid may be gener-
ated 1n situ in the reaction mixture from S-(chloromethyl)
turfural 1n the presence of hydrogen. In other varations,
hydrochloric acid may be generated in situ 1n the reaction
mixture from 3-(chloromethyl)furfural in the presence of a
catalyst and/or carbon (e.g., activated carbon).

The amounts of acid present in the reaction mixture may
vary based on the compound of formula (A") or (A), the
catalyst, the amount of hydrogen, and the amide reagent, or
the urea reagent, or a combination thereof reagent. In certain
variations, the amount of acid present in the reaction mixture
does not exceed an amount that would decrease the activity
of the catalyst.

In other vanations, the amount of acid present 1n the
reaction mixture 1s an amount that results 1 a yield of at
least 10%, at least 15%, at least 20%, at least 25%, at least
30%, at least 35%, at least 40%, at least 45%, at least 50%,
at least 55%, at least 60%, at least 65%, at least 70%, at least
75%, at least 80%, at least 85%, at least 90%, at least 95%,

or at least 99%, with respect to the compound of formula
%), ), '), (1-a) or (I-b).
Amide and Urea Reagents

In some variations of the methods provided herein to
produce alkyliurans, the compounds of formula (A") or (A)
may be reduced in the presence ol a reagent that has an
amide or urea moiety. The reagents described herein may,
under certain conditions, also act as a solvent.

In some embodiments, the reagent 1s a compound of
formula (1):

(1)

O
)
RE 1;1"'

Rb

wherein:

each R% R” and R¢ is independently H, aliphatic, aryl, or
heteroaryl; or

R® and R” are taken together with the nitrogen atoms to
which they are connected to form a cyclic moiety having at
least 3 ring atoms.
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In some vanations of the reagent of formula (1), each R”,
R? and R¢ is independently H, alkyl, aryl, or heteroaryl. In
certain variations, each R“ and R” is independently alkyl. In
one variation, each R* and R” is independently C, _, alkyl. In
other variations, R 1s H, alkyl, or aryl. In certain vanations,
R 1s H, C,_, alkyl, or C._,, aryl. In one vaniation, R” 1s H,
methyl, ethyl, or phenyl.

In yet other vanations, R 1s alkyl, aryl or heteroaryl. In
certain variations, the reagent of formula (1) 1s other than
N,N-dimethyliformamide and N,N-dimethylacetamide. In
other variations of the reagent of formula (1), when R“ 1s H
or methyl, then one of R” and R” is other than methyl.

In other embodiments, the reagent 1s a compound of
formula (11):

(11)
O
e M
\"‘I‘\I }‘J.«*"

R R?

wherein:

(A) each R% R”, R¢ and R is independently H, aliphatic,
aryl or heteroaryl; or

(B) R* and R” are taken together with the nitrogen atoms
to which they are connected to form a cyclic moiety having
at least 3 ring atoms; and each R and R¥ is independently H,

aliphatic, aryl or heteroaryl; or

(C) each R* and R” is independently H, aliphatic, aryl or
heteroaryl; and R° and R? are taken together with the
nitrogen atoms to which they are connected to form a cyclic
moiety having at least 3 ring atoms; or

(D) R” and R” are taken together with the nitrogen atoms
to which they are connected to form a cyclic moiety having
at least 3 ring atoms; and R° and R are taken together with
the nitrogen atoms to which they are connected to form a
cyclic moiety having at least 3 ring atoms; or
(E) each R® and R 1s independently H, aliphatic, aryl or
heteroaryl; and R” and R? are taken together with the
nitrogen atoms to which they are connected to form a cyclic
moiety having at least 5 ring atoms; or

(F) each R” and R¥ is independently H, aliphatic, aryl or
heteroaryl; and R® and R are taken together with the
nitrogen atoms to which they are connected to form a cyclic
moiety having at least 5 ring atoms.

In some variations of the reagent of formula (11), each R,
R” and R¢ is independently H, alkyl, aryl, or heteroaryl. In
certain variations, each R” and R” is independently alkyl. In
one variation, each R% and R” is independently C, _, alkyl. In
other variations, R 1s H, alkyl, or aryl. In certain variations,
R°1s H, C,_, alkyl, or C._,, aryl. In one variation, R 1s H,
methyl, ethyl, or phenyl.

In some variations of the reagent of formula (11), R* and
R” are taken together with the nitrogen atoms to which they
are connected to form a cyclic moiety having at least 4, or
at least 5, or between 3 and 20, or between 3 and 15, or
between 4 and 20, or between 4 and 15, or between 4 and 10,
or between 4 and 8 ring atoms.

In some varnations of the reagent of formula (1), R” and
R are taken together with the nitrogen atoms to which they
are connected to form a cyclic moiety having at least 4, or
at least 5, or between 3 and 20, or between 3 and 15, or
between 4 and 20, or between 4 and 15, or between 4 and 10,
or between 4 and 8 ring atoms.
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In some variations of the reagent of formula (ii), R” and
R are taken together with the nitrogen atoms to which they
are connected to form a cyclic moiety having at least 6, or
at least 7, or between 6 and 20, or between 6 and 15, or
between 7 and 20, or between 7 and 15, or between 7 and 10

ring atoms.

In some vanations of the reagent of formula (11), R and
R are taken together with the nitrogen atoms to which they
are connected to form a cyclic moiety having at least 6, or
at least 7, or between 6 and 20, or between 6 and 15, or
between 7 and 20, or between 7 and 15, or between 7 and 10
ring atoms.

In other embodiments, the reagent 1s a compound of
formula (111):

(iii)

wherein:

cach R” and R° 1s independently H, aliphatic, aryl or
heteroaryl; and

t 1s an integer greater than or equal to O,

In some varations of the reagent of formula (111), each R”
and R 1s independently H, alkyl, aryl, or heteroaryl. In
certain variations, R” 1s alkyl. In one vanation, R* 1s C,_,
alkyl. In other variations, R“ 1s H, alkyl, or aryl. In certain
variations, R°1s H, C,_, alkyl, or C._,, aryl. In one variation,
R 1s H, methyl, ethyl, or phenyl.

In some variations of the reagent of formula (111), t 1s an
integer greater than or equal to 1. In certain variations, t 1s
an 1nteger between 1 and 12, between 1 and 10, between 1
and 9, between 1 and 8, between 1 and 7, between 1 and 6,
or 5,4, 3, 2or 1.

In some embodiments of the methods described herein,
exemplary amide and urea reagents suitable for use 1n the
methods provided herein include:

O
O O
\NJ\N/ \N)J\N/ \N)I\N/
A O
O O
Ay GLD
i F 0 AN
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-continued

In other variations, the reagent 1s

A i
-

O

A /\NJ\N/\

W L

\

O

R
x

\‘ )J\/

\

O

‘ )t/

el

\/? or

4

In one vanation, the reagent 1s:

\NiN/ )L P
(A

?

(T , ,
\\N/ )J\N/
| or .

X

\/“\N/

\)L/

In yet another variation, the reagent 1s:

\)‘L/ j\
07
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In one variation, the reagent 1s

Any combination of the reagents described herein, includ-
ing the reagents having the formula (1), (11) and (111), and the
specific examples of reagents described above, may also be
used.

Hydrogen

In some embodiments, the compound of formula (A") or
(A) 1s reduced to produce the compound of formula (I"), (I'),
(I), (I-a) or (I-b) 1n the presence of hydrogen. The hydrogen
may be provided in the form of hydrogen gas or by transier
hydrogenation (e.g., by addition of cyclohexene or cyclo-
hexadiene to the reaction mixture as the hydrogen source).

In certain variations, the compound of formula (A") or (A)
1s reduced to produce the compound of formula (I'), (I'), (1),
(I-a) or (I-b) 1 the presence of hydrogen gas. In one
variation, the compound of formula (A") or (A) 1s reduced
at a pressure of at least 1 psi, or at least 10 psi; or between
1 ps1 and 13500 psi1, between 1 ps1 and 1000 ps1, between 500
ps1 to 1500 psi1, between 1 ps1 and 50 psi, between 1 psi and
100 psi, between 1 ps1 and 80 psi, between 1 psi and 75 psi,
or between 30 psi and 60 psi1. It should be understood that
the hydrogen gas may be dissolved, or at least partially
dissolved, 1n the reagents and/or other solvents described
herein.

In certain variations, the compound of formula (A") or (A)
and the hydrogen (e.g., hydrogen gas) are present in a mass
ratio between 1:2.9 and 1:3.8, or about 1:3.

Aromatic Reagent

In some embodiments of the methods described herein,
the compound of formula (A") or (A) 1s converted to
alkylfurans 1n the further presence of an aromatic reagent.
Any of the aromatic reagents described herein may be used.
As noted above, the reagents described herein may, under
certain conditions, also act as a solvent. Any combinations
or mixtures of the aromatic reagents described herein may
also be used.

In some variations, the aromatic reagent 1s a mono-aryl
compound, a di-aryl compound, or a tri-aryl compound. In
certain variations, the aromatic reagent 1s toluene or xylene.
In one variation, the aromatic reagent 1s para-xylene. In
certain variations, the aromatic reagent i1s toluene or ben-
zene.

In certain embodiments, the aromatic reagent 1s an alkyl
phenyl solvent, such as a linear alkyl benzene. As used
herein, “an alkyl phenyl reagent” refers to a class of reagents
that have one or more alkyl chains attached to one or more
phenyl or phenyl-containing ring systems. The alkyl phenyl
reagent may be referred to as an alkylbenzene or a phenyl-
alkane. One skilled in the art would recognize that certain
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phenylalkanes may also be interchangeably referred to as an
alkylbenzene. For example, (1-phenyl)dodecane and dode-
cylbenzene refer to the same solvent.

In certain embodiments, the aromatic reagent 1s an alky-
Ibenzene. Examples may include (monoalkyl)benzenes, (di-
alkyl)benzenes, and (polyalkyl)benzenes. In certain embodi-
ments, the alkylbenzene has one alkyl chain attached to one
benzene ring. The alkyl chain may have one or two points of
attachment to the benzene ring. Examples of alkylbenzenes
with one alkyl chain having one point of attachment to the
benzene ring include dodecylbenzene. In embodiments
where the alkyl chain has two points of attachment to the
benzene ring, the alkyl chain may form a fused cycloalkyl
ring to the benzene. Examples of alkylbenzenes with one
alkyl having two points of attachment to the benzene ring
include tetralin. It should be understood that the fused
cycloalkyl ring may be further substituted with one or more
alkyl chains.

In other embodiments, the alkylbenzene has two or more
alkyl chains (e.g., 2, 3, 4, 5, or 6 alkyl chains) attached to one
benzene ring.

In yet other embodiments, the alkylbenzene 1s an alkyl-
substituted fused benzene ring system. The fused benzene
ring system may include benzene fused with one or more
heterocyclic rings. In one embodiment, the fused benzene
ring system may be two or more fused benzene rings, such
as naphthalene. The fused benzene ring system may be
optionally substituted by one or more alkyl chains. For
example, such alkyl-substituted fused benzene ring system
may include tetramethylnaphthalene.

In some embodiments, the aromatic reagent 1s a phenyl-
alkane. Examples may include (monophenyl)alkanes, (di-
phenyl)alkanes, and (polyphenyl)alkanes. In certain
embodiments, the phenylalkane has one phenyl ring
attached to one alkyl chain. In one embodiment, the alkyl
chain attached to the phenyl ring may be an alkyl chain with
at least eight carbons (e.g., Cy. alkyls), such as a Cy_,, alkyl
or a C,5 5 alkyl. The phenyl ring may be attached to any
carbon along the alkyl chain. For example, the phenyl alkyl
having one alkyl chain may be (1-phenyl)dodecane or
(2-phenyl)dodecane.

In other embodiments, the phenylalkane has two or more
phenyl rings attached to one alkyl chain. The alkyl phenyl
solvents may be linear or branched, based on the alkyl
chain(s) attached to the phenyl or phenyl-containing ring
systems. Thus, the alkyl chain may be linear or branched.
Linear alkyl chains may include, for example, n-propyl,
n-butyl, n-hexyl, n-heptyl, n-octyl, n-nonanyl, n-decyl,
n-undecyl, and n-dodecyl. Branched alkyl chains may
include, for example, 1sopropyl, sec-butyl, 1sobutyl, tert-
butyl, and neopentyl. In some embodiments where the
solvent 1ncludes two or more alkyl chains, certain alkyl
chains may be linear, whereas other alkyl chains may be
branched. In other embodiments where the solvent includes
two or more alkyl chains, all the alkyl chains may be linear
or all the alkyl chains may be branched.

For example, the aromatic reagent 1s a linear alkylbenzene
(“LAB”). Linear alkylbenzenes are a class ol reagents
having the formula C.H.C H,,  ,. For example, in one
embodiment, the linear alkylbenzene 1s dodecylbenzene.
Dodecylbenzene 1s commercially available, and may be
“hard type” or “soit type”. Hard type dodecylbenzene i1s a
mixture of branched chain 1somers. Soft type dodecylben-
zene 1s a mixture of linear chain 1somers. In one embodi-
ment, the solvent includes hard type dodecylbenzene.

In some embodiments, the aromatic reagent 1s any of the
alkyl phenyl solvents described above, in which the phenyl
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ring 1s substituted with one or more halogen atoms. In
certain embodiments, the aromatic reagent 1s an alkyl(ha-
lobenzene). For example, the alkyl(halobenzene) may
include alkyl(chlorobenzene). In one embodiment, the halo
substituent for the phenyl ring may be, for example, chloro,
bromo, or any combination thereof.

In some embodiments, the aromatic reagent 1s a C,_,,,
aromatic reagent, or a C,_,. aromatic reagent. In one
embodiment, the aromatic reagent 1s naphthalene, naph-
thenic oil, alkylated naphthalene, diphenyl, a polychlori-
nated biphenyl, or a polycyclic aromatic hydrocarbon.

In certain embodiments, the aromatic reagent 1s an alkyl
benzene. In one embodiment, the aromatic reagent 1s dode-
cylbenzene. An example of such dodecylbenzene 1s Marli-
can®. In other embodiments, the alkyl benzene may have
alkyl side chains having at least 10 carbon atoms, at least 13
carbon atoms, or 10 to 40 carbon atoms, or 10 to 20 carbon
atoms, or 10 to 13 carbon atoms, or 13 to 30 carbon atoms.
Suitable alkyl benzenes may include, for example,
Wibaryl® (e.g., benzene substituted with C, _, ; alkyl chain),
Wibaryl® F (heavy alkylate), Wibaryl® A (diphenylalkanes,
wherein the alkyl chains are C,,_, 5 alkyl chains), Wibaryl®
B (dialkylbenzenes, wherein the alkyl chains are C, ,_, ; alkyl
chains), Wibaryl® AB (a mixture of diphenylalkanes and
dialkylbenzenes), Wibaryl® R (oligo- and polyalkylben-
zenes), Cepsa Petrelab® 500-Q (linear alkylbenzene con-
taining side alkyl chains of 10-13 carbon atoms), Cepsa
Petrelab® 550-Q (linear alkylbenzene containing side alkyl
chains of 10-13 carbon atoms), Cepsa Petrene® 900-()
(heavy alkylbenzene containing primarily dialkylbenzenes),
Synnaph® AB 3 (heavy alkyl benzene), Synnaph® DAB4
(dialkylbenzene), and Therminol® 55 (benzene substituted
with C, ;_;, alkyl chains).

In other embodiments, the aromatic reagent 1s a phenyl
cthers, including monophenyl ethers, diphenyl ethers and
polyphenyl ethers. Suitable phenyl ethers include, for
example, Santovac® 5 and Santovac® 7. In yet other
embodiments, the aromatic reagent may include at least one
alkyl chain substituent, and such aromatic reagents may
include monocyclic aromatic ring system or bicyclic or
polycyclic aromatic systems (including fused ring systems).
Examples of such aromatic reagents include, for example,
naphthalene, anthracene, Dowtherm® (mixture of biphenyl
and diphenyl oxide), Dowtherm® G (di- and tri-aryl ethers),
Dowtherm® Q (a mixture of diphenylethane and alkylated
aromatics), and Dowtherm® MX (a mixture of alkylated
aromatics).

In one vaniation, the aromatic reagent 1s toluene, benzene,
xylene, or mesitylene.

As discussed above, any combinations or mixtures of
such aromatic reagents may also be used.

In some embodiments of the methods described herein, an
aromatic reagent 1s used with an amide reagent, or a urea
reagent, or a combination thereof and hydrogen to produce
alkylfurans. In certain variations, when an acidic or neutral
solid support 1s used, an aromatic reagent 1s used with an
amide reagent, or a urea reagent, or a combination thereof
and hydrogen to produce alkylfurans. In certain varnations,
the amide or urea reagent and the aromatic reagent are
present 1n a mass ratio of between 1:10 and 10:1, or between
1:9 and 3:1.

Solvent

In some embodiments, the compound of formula (A") or
(A) 1s reduced to produce the compounds of formula (I'"),
(I, (I), (I-a) or (I-b) 1n the presence of solvent. In some
variations, a solvent 1s a component 1n a reaction mixture
that can dissolve or partially dissolve one or more of the
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other reagents, including, for example, the compound of
formula (A") or (A), the catalyst, and/or the amide reagent,
or the urea reagent, or a combination thereof reagent. The
solvents used may be obtained from any source, including
any commercially available source. Any combinations or
mixture of the solvents described herein may also be used.

In certain embodiments, the solvent includes organic
solvent. In some variations, the solvents suitable for use 1n
the methods provided herein may include, for example,
aromatic solvents (including, for example, alkyl phenyl
solvents), alkyl solvents, halogenated solvents, or any com-
binations or mixtures thereof.

Such solvents may have a boiling point or a boiling point
range above the boiling point of the compound of formula I.
It should be understood that a solvent may fall within one or
more classes described above. For example, Wibaryl® A 1s
an aromatic solvent that can more specifically be classified
as an alkyl phenyl solvent.

In some embodiments, the solvent includes an aromatic
solvent or a mixture of aromatic solvents. In some varia-
tions, the solvent includes at least one mono-aryl compound,
at least one di-aryl compound, or at least one tri-aryl
compound, or any mixtures thereof. In one vanation, the
solvent 1includes toluene or para-xylene.

In certain embodiments, the solvent may include one or
more alkyl phenyl solvents, such as one or more linear alkyl
benzenes. As used herein, “an alkyl phenyl solvent” refers to
a class of solvents that have one or more alkyl chains
attached to one or more phenyl or phenyl-containing ring
systems. The alkyl phenyl solvent may be referred to as an
alkylbenzene or a phenylalkane. One skilled in the art would
recognize that certain phenylalkanes may also be inter-
changeably referred to as an alkylbenzene. For example,
(1-phenyl)dodecane and dodecylbenzene refer to the same
solvent.

In certain embodiments, the solvent includes one or more
alkylbenzenes. Examples may include (monoalkyl)ben-
zenes, (dialkyl)benzenes, and (polyalkyl)benzenes. In cer-
tain embodiments, the alkylbenzene has one alkyl chain
attached to one benzene ring. The alkyl chain may have one
or two points of attachment to the benzene ring. Examples
ol alkylbenzenes with one alkyl chain having one point of
attachment to the benzene ring include dodecylbenzene. In
embodiments where the alkyl chain has two points of
attachment to the benzene ring, the alkyl chain may form a
fused cycloalkyl ring to the benzene. Examples of alkylben-
zenes with one alkyl having two points of attachment to the
benzene ring include tetralin. It should be understood that
the fused cycloalkyl ring may be further substituted with one
or more alkyl chains.

In other embodiments, the alkylbenzene has two or more
alkyl chains (e.g., 2, 3, 4, 5, or 6 alkyl chains) attached to one
benzene ring.

In yet other embodiments, the alkylbenzene 1s an alkyl-
substituted fused benzene ring system. The fused benzene
ring system may include benzene tused with one or more
heterocyclic rings. In one embodiment, the fused benzene
ring system may be two or more fused benzene rings, such
as naphthalene. The fused benzene ring system may be
optionally substituted by one or more alkyl chains. For
example, such alkyl-substituted fused benzene ring system
may include tetramethylnaphthalene.

In some embodiments, the solvent includes phenylalkane.
Examples may include (monophenyl)alkanes, (diphenyl)
alkanes, and (polyphenyl)alkanes. In certain embodiments,
the phenylalkane has one phenyl ring attached to one alkyl
chain. In one embodiment, the alkyl chain attached to the
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phenyl ring may be an alkyl chain with at least eight carbons
(e.g., Cq, alkyls),such as aC,_,,alkylora C,,_,, alkyl. The
phenyl ring may be attached to any carbon along the alkyl
chain. For example, the phenyl alkyl having one alkyl chain
may be (1-phenyl)dodecane or (2-phenyl)dodecane.

In other embodiments, the phenylalkane has two or more
phenyl rings attached to one alkyl chain. The alkyl phenyl
solvents may be linear or branched, based on the alkyl
chain(s) attached to the phenyl or phenyl-containing ring
systems. Thus, the alkyl chain may be linear or branched.
Linear alkyl chains may include, for example, n-propyl,
n-butyl, n-hexyl, n-heptyl, n-octyl, n-nonanyl, n-decyl,
n-undecyl, and n-dodecyl. Branched alkyl chains may
include, for example, 1sopropyl, sec-butyl, isobutyl, tert-
butyl, and neopentyl. In some embodiments where the
solvent includes two or more alkyl chains, certain alkyl
chains may be linear, whereas other alkyl chains may be
branched. In other embodiments where the solvent includes
two or more alkyl chains, all the alkyl chains may be linear
or all the alkyl chains may be branched.

For example, the solvent may include one or more linear
alkylbenzenes (“LABs”). Linear alkylbenzenes are a class of
solvents having the tormula C.H.C H,, .. For example, in
one embodiment, the linear alkylbenzene 1s dodecylben-
zene. Dodecylbenzene 1s commercially available, and may
be “hard type” or “soft type”. Hard type dodecylbenzene 1s
a mixture of branched chain 1somers. Soft type dodecylben-
zene 1s a mixture of linear chain 1somers. In one embodi-
ment, the solvent includes hard type dodecylbenzene.

In some embodiments, the solvent may include any of the
alkyl phenyl solvents described above, in which the phenyl
ring 1s substituted with one or more halogen atoms. In
certain embodiments, the solvent includes an alkyl(haloben-
zene). For example, the alkyl(halobenzene) may include
alkyl(chlorobenzene). In one embodiment, the halo substitu-
ent for the phenyl ring may be, for example, chloro, bromo,
or any combination thereof.

In some embodiments, the solvent may include one or
more heavy alkanes. “Heavy alkanes™ include saturated
hydrocarbon chains containing at least 8 carbon atoms (e.g.,
C.. alkane), at least 10 carbon atoms (e.g., C,,, alkane), or
at least 13 carbon atoms (e.g., C,,, alkane). In some
embodiments, the heavy alkane may have 8 to 100 carbon
atoms (e.g., Cq_; 4 alkanes), 8 to 50 carbon atoms (e.g., Cq <,
alkanes), 8 to 25 carbon atoms (e.g., C,_,< alkanes), or 10 to
20 carbon atoms (e.g., C,,.,, alkanes). In other embodi-
ments, the solvent may include one or more heavy alkanes,
wherein at least one heavy alkane has at least 13 carbon
atoms. In one embodiment, the solvent may include hexa-
decane, heptadecane, octadecane, 1cosane, heneicosane,
docosane, tricosane, tetracosane, or any combinations or
mixtures thereof.

In other embodiments, the solvent may include one or
more esters. In some embodiments, the esters may be fatty
acids. In certain embodiments, the esters may be (heavy
alkyl)-esters, e.g., C,_ alkyl-(O)OH. In some embodiments,
the (heavy alkyl)-esters may have 8 to 100 carbon atoms
(e.g., Cq_ 00 alkyl-(O)OH), 8 to 50 carbon atoms (e.g., Cq <,
alkyl-(O)OH), 8 to 25 carbon atoms (e.g., Cq .- alkyl-(O)
OH), or 10 to 20 carbon atoms (e.g., C,,.-5 alkyl-(O)OH). In
one embodiment, the solvent may include hexadecanoic
acid.

In other embodiments, the solvent may include one or
more aromatic solvents. In some embodiments, the aromatic
solvent 1s a C,_,, aromatic solvent, or a C,_,. aromatic
solvent. In one embodiment, the solvent includes naphtha-
lene, naphthenic oil, alkylated naphthalene, diphenyl, poly-
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chlorinated biphenyls, polycyclic aromatic hydrocarbons, or
any combinations or mixtures thereof.

In yet other embodiments, the solvent may include one or
more silicone oils. In certain embodiments, the solvent
includes one or more alkyl siloxanes.

The solvent may be a single solvent or may include a
mixture of solvents. It the solvent 1s a mixture of solvents,
the solvent mixture has a boiling point at or above the
boiling point of the 5-(halomethyl)furfural at the operating
pressure. For example, 1n some embodiments, the solvent
may be a mixture of (1) one or more alkyl phenyl solvents,
and (1) one or more aromatic solvents. For example, 1n
another embodiment, the solvent may be a mixture of
toluene and one or more other solvents such as camphor,
anthracene, and anthraquinone. It should be understood that
if the solvent mixture has a range of boiling points, such
range may encompass the boiling point of the 3-(halom-
cthy)turfural at the operating pressure but the entire range
need not be above the boiling point of the 5-(halomethyl)
turfural at the operating pressure.

It should also be understood that the solvent may include
any substance that 1s a liquid at the operating temperature
and pressure, but such substance may not be a liquid at
standard temperature and pressure.

Exemplary solvents that may be used 1n the methods and
compositions described herein include alkyl benzenes, sul-
folane, heavy alkanes, diphenyl ethers and polyphenyl
ethers, and other aromatic solvents. In certain embodiments,
the solvent includes alkyl benzenes. In one embodiment, the
solvent includes dodecylbenzene. An example of such dode-
cylbenzene 1s Marlican®. In other embodiments, the alkyl
benzene may have alkyl side chains having at least 10
carbon atoms, at least 13 carbon atoms, or 10 to 40 carbon
atoms, or 10 to 20 carbon atoms, or 10 to 13 carbon atoms,
or 13 to 30 carbon atoms. Suitable alkyl benzenes may
include, for example, Wibaryl® (e.g., benzene substituted
with C,,_,; alkyl chain), Wibaryl® F (heavy alkylate),
Wibaryl® A (diphenylalkanes, wherein the alkyl chains are
C,o.15 alkyl chains), Wibaryl® B (dialkylbenzenes, wherein
the alkyl chains are C,,_,; alkyl chains), Wibaryl® AB (a
mixture of diphenylalkanes and dialkylbenzenes), Wibaryl®
R (oligo- and polyalkylbenzenes), Cepsa Petrelab® 500-()
(linear alkylbenzene containing side alkyl chains of 10-13
carbon atoms), Cepsa Petrelab® 550-Q) (linear alkylbenzene
containing side alkyl chains of 10-13 carbon atoms), Cepsa

Petrene® 900-Q (heavy alkylbenzene containing primarily
dialkylbenzenes), Synnaph® AB 3 (heavy alkyl benzene),

Synnaph® DAB4 (dialkylbenzene), and Therminol® 33
(benzene substituted with C, ;_,, alkyl chains).

In other embodiments, the solvent includes phenyl ethers,
including monophenyl ethers, diphenyl ethers and polyphe-
nyl ethers. Suitable phenyl ethers include, for example,
Santovac® 5 and Santovac® /. In yet other embodiments,
the solvent includes other aromatic solvents. The aromatic
solvent may 1nclude at least one alkyl chain substituent, and
such aromatic solvents may include monocyclic aromatic
ring system or bicyclic or polycyclic aromatic systems
(including fused ring systems). Examples of such aromatic
solvents 1nclude, for example, naphthalene, anthracene,
Dowtherm® (mixture of biphenyl and diphenyl oxide),
Dowtherm® G (di- and tri-aryl ethers), Dowtherm® Q (a
mixture of diphenylethane and alkylated aromatics), and
Dowtherm® MX (a mixture of alkylated aromatics). As
discussed above, any combinations or mixtures of such
solvents may also be used.

In other embodiments, as discussed above, the reagents of
formula (1), (11) and (111), or any combinations thereof, may
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act as a solvent. Thus, 1n one variation, no additional solvent
1s added where the reagents of formula (1), (1) and (111), or
any combinations thereof, are used. In another variation, the
compound of formula (A") or (A) 1s reduced to produce the
compound of formula (I"), (I'), (I), (I-a) or (I-b) 1 the
presence of a reagent of formula (1), (11) or (1), or any
combinations thereof, and any of the other solvents
described herein.

Reaction Conditions

The operating temperature refers to the average tempera-
ture of the reaction mixture 1n the vessel. In some embodi-
ments, the operating temperature may be at least 10° C., at
least 15° C., at least 25° C., at least 100° C., or at least 150°
C.: or between 0° C. and 250° C., between 0° C. and 200°
C., between 0° C. and 150° C., between 0° C. and 100° C.,
between 5° C. and 80° C., or between 10° C. and 75° C.,
between 15° C. and 65° C., or between 130° C. and 250° C.

In some vanations, the operating temperature 1s less than
50° C. or less than 45° C.; or between -20° C. and 45° C.,
between -10° C. and 45° C., between 0° C. and 45° C.,
between 10° C. and 45° C., between 20° C. and 45° C., or
between 30° C. and 45° C.

The operating pressure refers to the average absolute
internal pressure of the vessel. In some embodiments, the
operating pressure may be at least 1 psi, or at least 10 psi;
or between 1 ps1 and 1500 psi1, between 1 ps1 and 1000 psi,
between 500 ps1 to 1500 psi, between 1 psi and S0 psi,
between 1 ps1 and 100 psi, between 1 ps1 and 80 ps1, between
1 ps1 and 75 ps1, or between 30 ps1 and 60 psi.

In some variations, the operating temperature 1s between
0.1 psia and 100 psia, between 0.1 psia and 1000 psia,
between 10 psia and 100 psia, or between 20 psia and 70
psia; or about 635 psia.

It should be understood that temperature may be
expressed as degrees Celsius (° C.) or Kelvin (K). One of
ordinary skill in the art would be able to convert the
temperature described herein from one unit to another.
Pressure may also be expressed as gauge pressure (barg),
which refers to the pressure in bars above ambient or
atmospheric pressure. Pressure may also be expressed as bar,
atmosphere (atm), pascal (Pa) or pound-force per square
inch (psi). It should further be understood that pressure may
also be expressed as pounds per square in absolute (psia).
One of ordinary skill in the art would be able to convert the
pressure described herein from one unit to another.

The method (e.g., the reduction of the compounds of
formulae (A"), (A), (A-1) and (A-11) to the compounds of
tormulae (I"), (I'), (I), (I-a) and (I-b), as applicable) may be
performed with or without stirring. In certain embodiments,
the method (e.g., the reduction of the compounds of formu-
laec (A"), (A), (A-1) and (A-11) to the compounds of formulae
(I"), (I, (I), (I-a) and (I-b), as applicable, 1s performed with
stirring to 1ncrease conversion and/or selectivity.

Additionally, the methods described herein may be car-
ried out batch-wise or continuously. The reaction time (in a
batch-wise process) or residence time (in a continuous
process) will also vary with the reaction conditions and
desired yield, but 1s generally about 1 to 72 hours. In some
of the foregoing embodiments, the reaction time or resi-
dence time 1s determined by the rate of conversion of the
starting material. In some of the foregoing embodiments, the
reaction mixture 1s reacted for 1 to 24 hours. In some of the
foregoing embodiments, the reaction mixture 1s reacted for
1 to 10 hours. In some of the foregoing embodiments, the
reaction mixture 1s reacted for 1 to 5 hours. In some of the
foregoing embodiments, the reaction mixture 1s reacted for
1 to 3 hours. In some of the foregoing embodiments, the
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reaction mixture 1s reacted for less than 2 hours, less than 1
hour, less than 30 minutes, less than 10 minutes, or less than
S minutes.

Isolation and Purification

The methods described herein may further include 1solat-
ing and/or purifying the alkylfurans, e.g., the compounds of
tformula (I"), (I, (I), (I-a) and (I-b), from the reaction
mixture. Any methods known 1n the art may be employed to
isolate and/or purily the alkylfurans. For example, the
alkylfurans, e.g., the compounds of formula (I"), (I'), (1),
(I-a) and (I-b), may be 1solated and/or purified by distilla-
tion. In another example, the alkylfurans, e.g., the com-
pounds of formula (I"), (I'), (I), (I-a) and (I-b), may be
1solated by distillation, and the i1solated alkylfuran may be
further purified by chromatography.

It should be understood that in certain variations, the
alkyltfuran produced is not 1solated and/or purified, and may
be further used in one or more downstream reactions
described heremn (e.g., to produce para-xylene and/or
terephthalic acid).

Yield, Conversion and Selectivity

The yield of a product takes mto account the conversion
of the starting materials 1nto the product, and the selectivity
for the product over other products that may be formed.

The difference between yield, conversion and selectivity
1s explained 1n the examples provided below. For example,
with respect to the conversion of a compound of formula
(A") or (A) into a compound of formula (I"), (I'), (I), (I-a)
or (I-b), the reaction can be generalized as follows, where
“A” represents the moles of the compound of formula (A")
or (A); and “C” represents the moles of the compound of
formula (I"), (I, (I), (I-a) or (I-b); and “a” and
stoichiometric coeflicients.

Y A

C 4darc

aA—cC

Conversion of A 1s the percentage of reactant A that has
been consumed during the reaction shown above, as
expressed by the following equation:

Ao — Af

Ao

% 100%,

% Conversion=

where A 1s the initial number of moles of reactant A; and A,
1s the final number of moles of reactant A.

Selectivity 1s the stoichiometrically relative amount of
product C produced from the converted amount of reactant
A, as expressed as a percentage by the following equation:

i
Cf * —

¢ «100%,

Selectivity( %) = Ao A

where A, 1s the starting moles of reactant A; A 1s the final
number of moles of reactant A; and C, 1s the number of
moles of product C. In some embodiments where “a/c”=1,
and the equation can be simplified to:

cf

Ao A7 x 100%.

Selectivity( %) =

The yield of product C 1s the percentage of reactant A that
1s converted into product C, as expressed by the following
equation:

Yield (%)=Conversion (%)*Selectivity (%)

In certain embodiments, the methods described herein
have a yield of at least 10%, at least 15%, at least 20%, at
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least 30%, at least 40%, at least 50%, at least 60%, at least
70%, at least 75%, at least 80%, at least 85%, at least 90%,
at least 95%, or at least 99% by weight. In other embodi-
ments, the yield 1s between 10% to 100%, between 10% to
90%, between 15% to 100%, between 15% to 90%, between
20% to 80%, between 30% to 80%, between 40% to 80%,
between 50%-80%, or between 60%-80% by weight.

In certain embodiments, the methods described herein
have a selectivity of at least 10%, at least 20%, at least 30%,
at least 40%, at least 50%, at least 60%, at least 70%, at least
80%, at least 90%, or at least 99%. In other embodiments,
the selectivity 1s between 40% to 99%, between 40% to
95%, between 40% to 90%, between 40% to 80%, between
50% to 99%, between 50% to 95%, between 50% to 90%,
between 50% to 80%, between 60% to 99%, between 60%
to 95%, between 60% to 90%, between 60% to 30%,
between 70% to 99%, between 70% to 95%, between 70%
to 90%, or between 70% to 80%.

It should be understood that the choice of catalysts,
reagents and solvents, and reaction conditions can impact
the vield, conversion and selectivity of the methods
described herein. For example, 1n some variations, when the
method 1s conducted at an operating temperature between
35° C. and 45° C., (1) the yield of alkylfurans produced is at
least 85%, (11) the selectivity of alkylturans produced 1s at
least 85%, or both (1) and (11).

Downstream Products

The compounds of formula (I'), (I'), (I), (I-a) and (I-b),
including, for example, 2,5-dimethylfuran and 2-methyl-
turan, produced according to the methods described herein
may be suitable for manufacture of one or more plastics,
tuels (e.g., transportation fuels) or other compounds. For

example, 2,5-dimethylfuran may be converted to para-xy-
lene. See e.g., U.S. 2013/0245316.
Thus, 1 some aspects, provided 1s a method of producing

para-xylene, by combining 2,5-dimethylfuran produced
according to any of the methods described herein and
cthylene to produce para-xylene. In other aspects, provided
1s a method of producing terephthalic acid by: combining
2,5-dimethylturan produced according to any of the methods
described herein and ethylene to produce para-xylene; and
oxidizing the para-xylene to terephthalic acid. In yet other
aspects, provided 1s a method of producing polyethylene
terephthalate by: combining 2,5-dimethyliuran produced
according to any of the methods described herein and
cthylene to produce para-xylene; oxidizing the para-xylene
to terephthalic acid; and polymerizing terephthalic acid with
cthylene glycol to yield polyethylene terephthalate using any
methods known 1n the art.

Compositions

Provided herein are also compositions that include any of
the compounds of formula (A") or (A), catalysts, hydrogen,
amide and/or urea reagents and other reagents or solvents
described herein. In some embodiments, the compositions
may also include any of the acids and/or solvents described
herein.

Any of the compounds of formula (A") or (A), solid-
supported metal catalysts and amide or urea reagents
described herein may be present in a composition. For
example, 1n some aspects, provided 1s a composition that
includes:

a compound of formula (A):

1 o (A)
R 1
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wherein:

R'" is C_ alkyl, —(CH.,), Y, —(CH,)_ _,CH(O) or
—(CH,), OH wherein:
m 1s an 1nteger greater than or equal to 0, provided

that when m is 0, R'“ is H; and

Y 1s halo; and

R**is —(CH,), ,CH(O), —(CH,), OH, or —(CH,) X,
wherein:
n 1s an mteger greater than or equal to 1; and
X 1s halo:

hydrogen; and

a solid-supported metal catalyst comprising a metal com-
ponent and a basic solid support; and

optionally an amide reagent, or a urea reagent, or a
combination thereof.

In some vanations, the basic solid support 1s a solid
support that (1) has more basic sites than acidic sites and (11)
chemisorbs at least 0.001 g carbon dioxide/g solid support.
In some variations, the basic solid support chemisorbs at
least 0.005 g carbon dioxide/g solid support, at least 0.01 g
carbon dioxide/g solid support, at least 0.05 g carbon
dioxide/g solid support, at least 0.1 g carbon dioxide/g solid
support, at least 0.2 g carbon dioxide/g solid support, at least
0.25 g carbon dioxide/g solid support, at least 0.3 g carbon
dioxide/g solid support, at least 0.35 g carbon dioxide/g
solid support, at least 0.4 g carbon dioxide/g solid support,
at least 0.45 g carbon dioxide/g solid support, at least 0.5 g
carbon dioxide/g solid support, at least 0.55 g carbon
dioxide/g solid support, at least 0.6 g carbon dioxide/g solid
support, at least 0.65 g carbon dioxide/g solid support, or at
least 0.7 g carbon dioxide/g solid support; or between 0.005
g carbon dioxide/g solid support and 0.75 g carbon dioxide/g
solid support, between 0.001 g carbon dioxide/g solid sup-
port and 0.75 g carbon dioxide/g solid support, between 0.01
g carbon dioxide/g solid support and 0.75 g carbon dioxide/g
solid support, between 0.1 g carbon dioxide/g solid support
and 0.75 g carbon dioxide/g solid support, between 0.15 g
carbon dioxide/g solid support and 0.75 g carbon dioxide/g
solid support, between 0.2 g carbon dioxide/g solid support
and 0.75 g carbon dioxide/g solid support, between 0.25 g
carbon dioxide/g solid support and 0.75 g carbon dioxide/g
solid support, between 0.3 g carbon dioxide/g solid support
and 0.75 g carbon dioxide/g solid support, between 0.35 g
carbon dioxide/g solid support and 0.75 g carbon dioxide/g
solid support, between 0.4 g carbon dioxide/g solid support
and 0.75 g carbon dioxide/g solid support, between 0.45 g
carbon dioxide/g solid support and 0.75 g carbon dioxide/g
solid support, between 0.5 g carbon dioxide/g solid support
and 0.75 g carbon dioxide/g solid support, between 0.55 g
carbon dioxide/g solid support and 0.75 g carbon dioxide/g
solid support, between 0.6 g carbon dioxide/g solid support
and 0.75 g carbon dioxide/g solid support, between 0.65 g
carbon dioxide/g solid support and 0.75 g carbon dioxide/g
solid support, between 0.005 g carbon dioxide/g solid sup-
port and 0.7 g carbon dioxide/g solid support, between 0.005
g carbon dioxide/g solid support and 0.65 g carbon dioxide/g
solid support, between 0.005 g carbon dioxide/g solid sup-
port and 0.6 g carbon dioxide/g solid support, between 0.005
g carbon dioxide/g solid support and 0.55 g carbon dioxide/g
solid support, between 0.005 g carbon dioxide/g solid sup-
port and 0.5 g carbon dioxide/g solid support, between 0.005
g carbon dioxide/g solid support and 0.45 g carbon dioxide/g
solid support, between 0.005 g carbon dioxide/g solid sup-
port and 0.4 g carbon dioxide/g solid support, between 0.005
g carbon dioxide/g solid support and 0.35 g carbon dioxide/g
solid support, between 0.005 g carbon dioxide/g solid sup-
port and 0.3 g carbon dioxide/g solid support, between 0.005
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g carbon dioxide/g solid support and 0.25 g carbon dioxide/g
solid support, between 0.005 g carbon dioxide/g solid sup-
port and 0.2 g carbon dioxide/g solid support, between 0.0035
g carbon dioxide/g solid support and 0.15 g carbon dioxide/g
solid support, between 0.005 g carbon dioxide/g solid sup-
port and 0.1 g carbon dioxide/g solid support, between 0.0035
g carbon dioxide/g solid support and 0.01 g carbon dioxide/g
solid support, or between 0.25 g carbon dioxide/g solid
support and 0.5 g carbon dioxide/g solid support.

In some variations, the number of acidic sites of the basic
solid support may be at least 2-fold, at least 5-fold, at least

10-fold, at least 50-fold, at least 100-fold, at least 150-fold,
or at least 200-fold, or between 100-fold and 500-fold,
between 100-fold and 250-fold than the number of basic

sites.

In some variations, the basic solid support includes a
metal oxide. In certain vanations, the basic solid support
includes a basic metal oxide. In certain variations, a basic
metal oxide 1s a metal oxide that has more basic sites than
acidic sites. In some variations, the number of acidic sites of
the basic metal oxide may be at least 2-fold, at least 5-1old,
at least 10-fold, at least 50-fold, at least 100-fold, at least
150-told, or at least 200-fold, or between 100-fold and
500-fold, between 100-fold and 250-fold lower than the
number of basic sites. It should generally be understood that
the basicity of the metal oxide refers to the overall basicity
of the metal oxide.

In other variations, the basic solid support includes an
alkal1 earth metal oxide.

In some embodiments, the metal oxides that make up the
basic solid support are selected from BeO, MgO, CaO, SrO,
BaO, ZnO, Al,O,;, Y,O,, La,0O,, CeO,, ThO,, T10,, ZrO,
and SnQO,. In certain embodiments, the metal oxides that
make up the basic solid support are selected from BeO,
MgQO, Ca0, SrO, Ba0O, Y,O,, and La,O;. In one variation,
the metal oxide 1s MgO.

In other vanations, the basic solid support includes a

mixed metal oxide. In some embodiments, the mixed metal
oxides 1n the basic solid support are selected from S10,—
MgO, S10,—Ca0, S10,—SrO, S10,—Ba0, S10,—7n0,
S10,—ALLO;, S10,—ThO,, S10,—T110,, S10,—Zr0,
S10,—Mo0O,, S10,—WO,, ALL,O0,—MgO, Al,O,—ThO,,
Al,O,—T10,, Al,O,—Z7r0,, AlL,O,—Mn,O,;, Al,O,—
WO,, ZrO,—7n0O, 7ZrO,—T10,, and T10,—MgO.

Any combinations of the metal oxides and mixed metal
oxides described herein may be included 1n the basic solid
support.

In other variations, the basic solid support 1s a base-
modified solid support as described herein. In certain varia-
tions, an acidic solid support or a neutral solid support may
be modified to make the solid support basic in nature.

In one vanation, the solid-supported metal catalyst 1n the
composition 1s Pd+Pt/MgO, Pd+ Au/MgQO, or Pd/MgQO. Any
combinations of such solid-supported metal catalysts may
also be used 1n the compositions described herein.

In other aspects, provided 1s a composition that includes:

a compound of formula (A):

(A)

wherein:
R'* is C_ alkyl, —(CH,)_ Y, —(CH,), ,CH(O) or
—(CH,), OH wherein:
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m 1s an 1nteger greater than or equal to 0, provided
that when m is 0, R'“ is H; and
Y 1s halo; and
R**is —(CH.,),_,CH(O), —(CH.,), OH, or —(CH,,), X,
wherein:
n 1s an mteger greater than or equal to 1; and
X 1s halo;

hydrogen;

a catalyst comprising a metal component and an acidic
solid support; and

an amide reagent, or a urea reagent, or a combination
thereof.

In some embodiments, the acidic solid support 1s a solid
support that (1) has more acidic sites than basic sites, and (11)
chemisorbs at least 0.001 g ammonia/g solid support. In
some variations, the acidic solid support chemisorbs at least
0.002 ¢ ammomnia/g solid support, at least 0.003 g ammo-
nia/g solid support, at least 0.004 ¢ ammonia/g solid support,
at least 0.005 g ammonia/g solid support, at least 0.001 g
ammonia/g solid support, at least 0.05 g ammonia/g solid
support, at least 0.01 g ammoma/g solid support, at least 0.1
g ammonia/g solid support, at least 0.2 g ammonia/g solid
support, at least 0.25 g ammoma/g solid support, at least 0.3
g ammonia/g solid support, at least 0.35 g ammonia/g solid
support, at least 0.4 g ammonia/g solid support, at least 0.45
g ammonia/g solid support, or at least 0.5 g ammonia/g solid
support; or between 0.001 g ammonia/g solid support and
0.5 g ammonia/g solid support, between 0.002 g ammonia/g
solid support and 0.5 g ammonia/g solid support, between
0.003 g ammonia/g solid support and 0.5 g ammonia/g solid
support, between 0.004 ¢ ammonia/g solid support and 0.5
g ammonia/g solid support, between 0.005 g ammonia/g
solid support and 0.5 g ammonia/g solid support, between
0.006 g ammonia/g solid support and 0.5 g ammonia/g solid
support, between 0.007 g ammonia/g solid support and 0.5
g ammonia/g solid support, between 0.008 g ammonia/g
solid support and 0.5 g ammonia/g solid support, between
0.009 g ammonia/g solid support and 0.5 g ammonia/g solid
support, between 0.01 g ammonia/g solid support and 0.5 g
ammonia/g solid support, between 0.05 g ammonia/g solid
support and 0.5 g ammoma/g solid support, between 0.1 g
ammonia/g solid support and 0.5 g ammonia/g solid support,
between 0.2 g ammomnia/g solid support and 0.5 g ammo-
nia/g solid support, between 0.3 g ammonia/g solid support
and 0.5 g ammonia/g solid support, between 0.4 g ammo-
nia/g solid support and 0.5 g ammomnia/g solid support,
between 0.1 g ammomnia/g solid support and 0.3 g ammo-
nia/g solid support, between 0.2 ¢ ammonia/g solid support
and 0.25 g ammonia/g solid support, or between 0.25 ¢
ammonia/g solid support and 0.5 g ammonia/g solid support.

In some variations, the number of basic sites of the acidic
solid support may be at least 2-fold, at least S-fold, at least
10-told, at least 50-fold, at least 100-fold, at least 150-fold.,
or at least 200-fold, or between 100-fold and 500-fold,
between 100-fold and 250-fold lower than the number of

acidic sites.

In some vanations, the acidic solid support includes a
metal oxide. In certain variations, the acidic solid support
includes an acidic metal oxide. In certain variations, an
acidic metal oxide 1s a metal oxide that has more acidic sites
than basic sites. In some variations, the number of basic sites
of the acidic metal oxide may be at least 2-fold, at least
5-fold, at least 10-fold, at least 50-fold, at least 100-fold, at
least 150-fold, or at least 200-fold, or between 100-fold and
500-fold, between 100-fold and 250-fold lower than the
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number of acidic sites. It should generally be understood that
the acidity of the metal oxide refers to the overall acidity of
the metal oxide.

In some embodiments, the metal oxides 1n the acidic solid
support are selected from S10,, ZnO, CdO, Al,O,, CeO,,

ThO,, T10,, ZrO,, SnO,, PbO, As,O;, B1,0;, Sb,0O., V,0O.,
Cr,0,, MoO, and WO,. In one variation, the metal oxide 1s
S10,. In another variation, the metal oxide 1s Al,QO,.

In other variations, the acidic solid support includes a
mixed metal oxide. In some embodiments, the mixed metal

oxides 1n the acidic solid support are selected from S10,—
Al,O,, S10,—T10,, S10,—Sn0O,, S10,—7Zr0O,, S10,—
BeO, S10,—Mg0O, S10,—Ca0, S10,—Sr0O, S10,—7n0,
S10,—Ga, 05, S10,—YrO,;, Si—0,—La,0;, S10,—
MoQO,;, S10,—WO0O,, S10,—V,0., S10,—ThO,, Al,O;—
MgO, Al,O,—7n0, Al,O,—CdO, Al,O0,—B,0,, Al,O;—
ThO,, Al,O,—T0,, Al,O0,—7r0O,, Al O,—V.,0,,
AlLO;—MoO;, Al,O,—WO,, ALO,—Cr,0O;, AlLLO,—
Mn,O,, Al,O,—Fe,O,, Al,0,—Co0,0,, Al,O,—NiO,
110,—Cu0O, Ti0,—MgO, TiO,—7n0O, Ti10,—CdO,
110,—7r0,, T10,—Sn0O,, T10,—B1,0,;, Ti10,—Sb,0.,
110,—V,0., T10,—Cr,0,, T10,—Mo0O,, Ti0,—WO,,
T10,—Mn,0O,, T10,—Fe,O,, T10,—Co0,0,, T10,—N10,
7rO0,—CdO, ZnO—MgO, ZnO—Fe,0O,, MoO,—CoO—
Al,O;, MoO;—N10—AL,0O;, Ti0,—S10,—MgO, and
MoO,—Al,0,—MgO. Any combinations of the metal
oxides and mixed metal oxides described herein may be
included in the acidic solid support.

In yet other variations, the acidic solid support includes a
zeolite. For example, such zeolites may include ZSM5 and
Beta zeolite.

In other variations, the acidic solid support 1s an acid-
modified solid support. A solid support may be modified to
make the solid support acidic 1n nature.

In one vanation, the solid-supported metal catalyst 1n the
composition 1s Pd/ALO,; Pd/ZSM3; Pd/Beta zeolite;

Pd+Au/Al,O5; Pd+Ag/Al,O,; or Pd+Cu/Al,O,. In one
variation, the solid-supported metal catalyst 1s Pd/Al,O,.
Any combinations of such solid-supported metal catalysts
may also be used 1n the compositions described herein.

In some embodiments, the composition further imncludes
an aromatic reagent. Any of the aromatic reagents described
herein may be included. In one vanation, the aromatic
reagent 1s toluene, benzene, xylene, or mesitylene, or any
combinations thereof. In other variations, the amide or urea
reagent and the aromatic reagent are present 1n a mass ratio
of between 1:10 and 10:1, or between 1:9 and 3:1.

In yet other aspects, provided 1s a composition that
includes:

a compound of formula (A):

e o (A)

RZ.:: :
A
wherein:

R' is C_ alkyl, —(CH,). Y, —(CH,)_ _,CH(O) or
—(CH,), OH wherein;:
m 1s an 1teger greater than or equal to 0, provided
that when m is 0, R'“ is H; and
Y 1s halo; and
R**is —(CH,), ,CH(O), —(CH,), OH, or —(CH,) X,
wherein:
n 1s an mteger greater than or equal to 1; and
X 1s halo;
hydrogen;
a catalyst comprising a metal component and a solid
support; and
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an amide reagent, or a urea reagent, or a combination
thereof,

wherein the composition 1s acidic.

The composition may be acidic due to the presence of an
acidic solid support 1n the catalyst. Any of the acidic solid
supports described herein may be present.

In other variations, the composition may be acidic due to
the presence of acid. Thus, 1n yet another aspects, provided
1s a composition that includes:

a compound of formula (A):

(A)

wherein:

R'" is C_ alkyl, —(CH,), Y, —(CH,)_ _,CH(O) or
—(CH,), OH wherein:
m 1s an integer greater than or equal to 0, provided

that when m is 0, R'“ is H; and

Y 1s halo; and

R**is —(CH.,),_,CH(O), —(CH.,), OH, or —(CH.,), X,
wherein:
n 1s an mteger greater than or equal to 1; and
X 1s halo;

hydrogen;

a catalyst comprising a metal component and a solid
support;

an amide reagent, or a urea reagent, or a combination
thereof; and

an acid.

For example, in some variations, the acid 1s a Bronsted
acid. In certain variations, the acid 1s H—-X or H—Y,
wherein X and Y are as defined for formula (A") or (A)
above. In one vanation, the acid i1s hydrochloric acid or
sulfonic acid.

In some varnations of the composition where the acid may
be present, the solid support of the catalyst may be an acidic
solid support, as described herein.

In other variations of the composition where the acid may
be present, the solid support of the catalyst may be a neutral
solid support. In some variations, the neutral solid support 1s
carbon. In one variation, the neutral solid support i1s acti-
vated carbon.

As noted above, 1n certain variations, any of the metal
catalysts described herein may be present in the foregoing
compositions. For example, 1n some variations, the metal
component 1s impregnated, deposited, precipitated, or any
combination thereof, onto the basic solid support. In certain
variations, the metal component has at least one metal, or at
least two metals, or one metal, two metals, or three metals.
In one variation, the metal component includes: (1) palla-
dium, or platinum, or a combination thereof; and (11) gold,
silver, or copper, or any combination thereof.

In other wvaniations, such compositions may further
include an aromatic reagent. Any of the aromatic reagents
described herein may be included. In one vanation, the
aromatic reagent 1s toluene, benzene, xylene, or mesitylene,
or any combinations thereolf. In other variations, the amide
or urea reagent and the aromatic reagent are present in a
mass ratio of between 1:10 and 10:1, or between 1:9 and 3:1.

As noted above, 1n certain variations, any of the amide or
urea reagents described herein may be present in any of the
foregoing compositions. In some variations, an amide
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reagent 1s present in the composition. In one variation, the
amide reagent 1s a reagent of formula (1):

0O
J\ R%
G 1‘\1”

Rb

(1)

wherein:

each R%, R” and R¢ is independently H, aliphatic, aryl, or
heteroaryl; or

R? and R” are taken together with the nitrogen atoms to
which they are connected to form a cyclic moiety having at
least 3 ring atoms.

In other vaniations, a urea reagent 1s present i the
composition. In one variation, the urea reagent 1s a reagent
of formula (11):

(11)
O
e A

R4 R?

wherein:

(A) each R% R”, R° and R is independently H, aliphatic,
aryl or heteroaryl; or

(B) R? and R” are taken together with the nitrogen atoms
to which they are connected to form a cyclic moiety having
at least 3 ring atoms; and each R and R¥ is independently H,
aliphatic, aryl or heteroaryl; or

(C) each R? and R” is independently H, aliphatic, aryl or
heteroaryl; and R° and R are taken together with the
nitrogen atoms to which they are connected to form a cyclic
moiety having at least 3 ring atoms; or

(D) R? and R” are taken together with the nitrogen atoms
to which they are connected to form a cyclic moiety having,
at least 3 ring atoms; and R° and R are taken together with
the nitrogen atoms to which they are connected to form a
cyclic moilety having at least 3 ring atoms; or

(E) each R” and R 1s independently H, aliphatic, aryl or
heteroaryl; and R” and R? are taken together with the
nitrogen atoms to which they are connected to form a cyclic
moiety having at least 5 ring atoms; or

(F) each R” and R is independently H, aliphatic, aryl or
heteroaryl; and R® and R° are taken together with the
nitrogen atoms to which they are connected to form a cyclic
moiety having at least 5 ring atoms.

In certain variations, the urea reagent present in the

composition 1s a cyclic urea reagent. In certain variations,
the urea reagent 1s a reagent of formula (111):

(iii)

wherein:

cach R” and R* 1s independently H, aliphatic, aryl or
heteroaryl; and

t 1s an integer greater than or equal to 0.
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In any of the foregoing variations, the composition may
also include an alkylfuran, such as a compound of formula
(I") or (I'). For example, 1n some variations, the composition
may further include a compound of formula (I'):

1)

wherein:

R" is C, alkyl, wherein m is as defined for formula (A),

provided that when m is 0, R" is H; and

R* is C, alkyl, wherein n is as defined for formula (A).

It should be understood that reference to “about” a value
or parameter herein includes (and describes) embodiments
that are directed to that value or parameter per se. For
example, description referring to “about X includes descrip-
tion of “X” per se. In other 1nstances, the term “about” when
used 1n association with other measurements, or used to
modily a value, a unit, a constant, or a range of values, refers
to varnations of +/-10%.

It should also be understood that reference to “between”
two values or parameters herein includes (and describes)
embodiments that include those two values or parameters
per se. For example, description referring to “between x and
y” includes description of “x” and *y” per se.

As used herein, “aliphatic” refers to a monoradical
unbranched or branched hydrocarbon chain that may be
saturated (e.g., alkyl) or unsaturated (e.g., alkenyl or alky-
nyl). In some embodiments, aliphatic as used herein, such as
in reagents ol formula (1), (1) and (111), has 1 to 20 carbon
atoms (1.e., C,_,, aliphatic), 1 to 8 carbon atoms (1.e., C, 4
aliphatic), 1 to 6 carbon atoms (1.e., C,_ aliphatic), or 1 to
4 carbon atoms (1.e., C,_, aliphatic).

“Alkyl” refers to a monoradical unbranched or branched
saturated hydrocarbon chain. In some embodiments, alkyl as
used herein, such as 1n compounds of formula (I') (including,
for example, formula (I), formula (I-a) and formula (I-b))

and formula (A) (including, for example, formula (A-1) and

(A-11)), has 1 to 50 carbon atoms (1.e., C, <, alkyl), 1 to 20
carbon atoms (1.e., C,_,, alkyl), 1 to 8 carbon atoms (i.e.,
C, ¢ alkyl), 1 to 6 carbon atoms (1.e., C,_4 alkyl), or 1 to 4
carbon atoms (1.e., C,_, alkyl). Examples of alkyl groups
include methyl, ethyl, propyl, 1sopropyl, n-butyl, sec-butyl,
tert-butyl, pentyl, 2-pentyl, 1sopentyl, neopentyl, hexyl,
2-hexyl, 3-hexyl, and 3-methylpentyl. When an alkyl resi-
due having a specific number of carbons i1s named, all
geometric 1somers having that number of carbons may be
encompassed; thus, for example, “butyl” can include n-bu-
tyl, sec-butyl, 1sobutyl and t-butyl; “propyl” can include
n-propyl and isopropyl.

“Ary]” refers to an aromatic carbocyclic group having a
single ring (e.g., phenyl), multiple rings (e.g., biphenyl), or
multiple fused rings (e.g., naphthyl, fluorenyl, and anthryl).
In certain embodiments, aryl as used herein, such as 1n
compounds of formula (A) (including, for example, formula
(A-1) and (A-11)), has 6 to 50 ring carbon atoms (1.e., C_<,
aryl), 6 to 20 ring carbon atoms (i.e., C._,, aryl), or 6 to 12
carbon ring atoms (1.e., C,_,, aryl). Aryl, however, does not
encompass or overlap 1n any way with heteroaryl, separately
defined below. In certain embodiments, 1i one or more aryl
groups are fused with a heteroaryl ring, the resulting ring
system 1s heteroaryl.
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“Heteroaryl” refers to an aromatic group having a single
ring, multiple rings, or multiple fused rings, with one or
more ring heteroatoms independently selected from nitro-
gen, oxygen, and sulfur. In some embodiments, heteroaryl 1s
an aromatic, monocyclic or bicyclic ring containing one or
more heteroatoms independently selected from nitrogen,
oxygen and sulifur with the remaining ring atoms being
carbon. In certain embodiments, heteroaryl as used herein,
such as 1 compounds of formula (A) (ncluding, for
example, formula (A-1) and (A-11)), has 3 to 350 ring carbon
atoms (1.e., C,_., heteroaryl), 3 to 20 ring carbon atoms (1.e.,
C;.-o heteroaryl), 3 to 12 ring carbon atoms (.e. C,_,,
heteroaryl), or 3 to 8 carbon ring atoms (1.e., C;  het-
eroaryl); and 1 to 5 heteroatoms, 1 to 4 heteroatoms, 1 to 3
ring heteroatoms, 1 or 2 ring heteroatoms, or 1 ring het-
croatom 1ndependently selected from nitrogen, oxygen, and
sulfur. In one example, a heteroaryl has 3 to 8 ring carbon
atoms, with 1 to 3 ring heteroatoms independently selected
from nitrogen, oxygen and sulfur. Examples of heteroaryl
groups include pyridyl, pyrnidazinyl, pyrimidinyl, benzothi-
azolyl, and pyrazolyl. Heteroaryl does not encompass or
overlap with aryl as defined above.

Further, 1t should be understood that when a range of
values 1s listed, 1t 1s mntended to encompass each value and
sub-range within the range. For example, “C, . alkyl”
(which may also be referred to as 1-6C alkyl, C1-C6 alkyl,
or C1-6 alkyl) 1s intended to encompass, C,, C,, C;, C,, C.,
Cos Crior Crisy Cray €5 Cpn Cogy Cos Cogy Gz, Cag,s
Cis, Ciy, Cup, C, o, and C._ alkyl.

ENUMERATED EMBODIMENTS

The following enumerated embodiments are representa-
tive of some aspects of the mvention.
1. A method of producing a compound of formula (I'):

(')

wherein:
R' is C,_, alkyl, wherein m is an integer greater than or
equal to 1; and
R* is C, alkyl, wherein n is an integer greater than or
equal to 1,
the method comprising converting a compound of formula
(A) to the compound of formula (I') 1n the presence of
hydrogen, a catalyst, and an amide or urea reagent,
wherein:
the compound of formula (A) 1s:

e o (A)

RE-:I
r
wherein:

R' is —(CH.,), ,CH(O) or —(CH,,), OH, wherein:
m 1s as defined for formula (I'); and

R** is —(CH,),_, CH(0O), —(CH,), OH, or —(CH,), X,
wherein:
n 1s as defined for formula (I'); and

X 1s halo.
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2. The method of embodiment 1, wherein the compound of
formula (I') 1s

O

Ao

3. The method of embodiment 1 or 2, wherein the reagent
has a structure of formula (1):

(1)

0O
)
RE 1;1"

RE}

wherein:

each R R” and R° is independently H, aliphatic, aryl, or
heteroaryl; or

R? and R” are taken together with the nitrogen atoms to
which they are connected to form a cyclic moiety
having at least 3 ring atoms.

4. The method of embodiment 1 or 2, wherein the reagent
has a structure of formula (11):

(11)
O
e M e

R4 R?

wherein:

(A) each R4, R”?, R° and R? is independently H, aliphatic,
aryl or heteroaryl; or

(B) R* and R” are taken together with the nitrogen atoms
to which they are connected to form a cyclic moiety
having at least 3 ring atoms; and each R¢ and R? is
independently H, aliphatic, aryl or heteroaryl; or

(C) each R* and R” is independently H, aliphatic, aryl or
heteroaryl; and R¢ and R? are taken together with the
nitrogen atoms to which they are connected to form a
cyclic moiety having at least 3 ring atoms; or

(D) R? and R” are taken together with the nitrogen atoms
to which they are connected to form a cyclic moiety
having at least 3 ring atoms; and R and R are taken
together with the mitrogen atoms to which they are
connected to form a cyclic moiety having at least 3 ring
atoms; or

(E) each R and R" 1s independently H, aliphatic, aryl or
heteroaryl; and R? and R are taken together with the
nitrogen atoms to which they are connected to form a
cyclic moiety having at least 5 ring atoms; or

(F) each R” and R is independently H, aliphatic, aryl or
heteroaryl, and R“ and R“ are taken together with the
nitrogen atoms to which they are connected to form a
cyclic moiety having at least 5 ring atoms; and
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5. The method of embodiment 1 or 2, wherein the reagent
has a structure of formula (11):

(iii)
0

1
S e

N N

)

&
R"\

wherein:
cach R and R° 1s independently H, aliphatic, aryl or
heteroaryl; and

t 1s an 1nteger greater than or equal to O.
6. The method of any one of embodiments 1 to 5, wherein
R'is —(CH,), ,CH(O).
7. The method of any one of embodiments 1 to 5, wherein
R is —(CH,), OH.
8. The method of any one of embodiments 1 to 7, wherein
R** is —(CH,),,_,CH(QO).
9. The method of any one of embodiments 1 to 7, wherein
R**is —(CH,), OH.
10. The method of any one of embodiments 1 to 7, wherein
R*“ is —(CH.,), X.
11. The method of any one of embodiments 1 to 5, wherein
the compound of formula (A) 1s

O O
O O

N\ T i e Ho/\@/\o&

12. The method of embodiment 1 or 2, wherein the com-
pound of formula (A) 1s

(A)

wherein:

R'“is —(CH,), ,CH(O); and

R** is —(CH,), _,CH(O).
13. The method of embodiment 1 or 2, wherein the com-
pound of formula (A) 1s

(A)

wherein:

R'“ is —(CH,), OH; and

R** is —(CH.,) OH.
14. The method of any one of embodiments 1 to 7 and 10,
wherein X 1s chloro.

15. The method of embodiment 1 or 2, wherein the reagent
of formula (1), (1) or () 1s selected from the group
consisting of
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O
PN O O
RN NP\
O SO Yy

A

‘ O
kN/: )J\N/? Cr
| |

O

A~ A

S

/‘ 0
A
N
N

O

A
N
<$¥e

O

\

‘, and ‘

X

or any combinations thereof.
16. The method of any one of embodiments 1 to 15, wherein
the catalyst comprises at least one Group 10 metal.
1’7. The method of embodiment 16, wherein the catalyst
further comprises at least one Group 11 metal.
18. The method of any one of embodiments 1 to 17, wherein
the catalyst comprises palladium, or platinum, or any com-
bination thereof.
19. The method of embodiment 18, wherein the catalyst
turther comprises gold, silver, copper, or any combination
thereof.
20. The method of any one of embodiments 1 to 15, wherein
the catalyst comprises palladium and at least one additional
metal, wherein the palladium and the least one additional
metal are present in the catalyst in a weight ratio of 0.5 to
20.
21. The method of any one of embodiments 1 to 135, wherein
the catalyst comprises:

(1) palladium:;

(1) palladium and platinum:;

(111) palladium and gold;

(1v) palladium and copper;

(v) palladium and silver;

(v1) platinum;

(vi1) platinum and gold;

(viil) platinum and copper; or

(1x) platinum and silver.
22. The method of any one of embodiments 1 to 21, wherein
the catalyst has a total metal loading between 0.1% to 15%
by weight.
23. The method of any one of embodiments 1 to 135, wherein
the catalyst comprises a solid support.
24. The method of embodiment 23, wherein the solid
support comprises carbon, a Group 3 metal oxide, a Group
13 metal oxide, a Group 4 metal oxide, a Group 14 metal
oxide, or a Group 5 metal oxide, or any combination thereof.
25. The method of embodiment 23, wherein the solid
support comprises carbon, silica, alumina, titania, magne-
sium silicate, aluminosilicate, magnesium oxide, calcium
oxide, or zinc oxide, or any combination thereof.
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26. The method of embodiment 23, wherein the solid
support comprises carbon, alumina, magnesium oxide, or
zeolite, or any combination thereof.
2'7. The method of any one of embodiments 1 to 135, wherein
the catalyst 1s:

Pd/Al,O;;

Pd/C;

Pd+Pt/MgO;

Pd+Au/MgQO;

Pd/MgO;

Pd/ZSM3;

Pd/Beta;

Pd+Au+K/C;

Pd+Ag/C;

Pd+Pt/C;

Pt+Cu/C;

Pt+Auw/C;

Pt+Ag/C; or

Pd+Au/C,

or any combination thereof.
28. The method of any one of embodiments 1 to 27, wherein
the catalyst further comprises a promoter.
29. The method of embodiment 28, wherein the promoter 1s
potassium.
30. The method of any one of embodiments 1 to 15, wherein
the catalyst comprises palladium, gold and potassium.
31. The method of any one of embodiments 1 to 30, wherein
the compound of formula (A) 1s converted to the compound
of formula (I') in the further presence of acid.
32. The method of embodiment 31, wherein the acid 1s
hydrochloric acid or sulfonic acid.
33. The method of any one of embodiments 1 to 32, wherein
the compound of formula (A) 1s converted to the compound
of formula (I') in the further presence of solvent.
34. The method of embodiment 33, wherein the solvent
comprises organic solvent.
35. The method of embodiment 33 or 34, wherein the
solvent comprises aromatic solvent.
36. The method of any one of embodiments 33 to 35,
wherein the solvent comprises at least one mono-aryl com-
pound, at least one di-aryl compound, or at least one tri-aryl
compound, or any mixtures thereof.
37. The method of embodiment 36, wherein the at least one
mono-aryl compound 1s toluene or para-xylene.
38. The method of embodiment 33, wherein the solvent
comprises one or more aromatic solvents, one or more heavy
alkane solvents, one or more ester solvents, one or more
silicone oils, or any combinations or mixtures thereof.
39. The method of embodiment 33, wherein the solvent
comprises one or more alkyl phenyl solvents.
40. A method of producing a compound of formula (I'):

(')

wherein:
R' is C_ alkyl, wherein m is an integer greater than or
equal to 0, provided that when m is 0, R" is H; and
R* is C, alkyl, wherein n is an integer greater than or
equal to 1,
the method comprising converting a compound of formula
(A) to the compound of formula (I') in the presence of
hydrogen, a catalyst, and an amide or urea reagent,
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wherein:
the compound of formula (A) 1s:

(A)

wherein:
R'is C_ alkyl, or —(CH,) Y, wherein:
m 1s as defined for formula (I'), provided that when
m is 0, R'“ is H; and
Y 1s halo; and
R**is —(CH.,),_,CH(O), —(CH.,), OH, or —(CH.,), X,
wherein:
n 1s as defined for formula (I'); and
X 1s halo; and
the catalyst comprises:
(1) at least two metals; or
(11) a solid support selected from the group consisting of
carbon, silica, alumina, titania, magnesium silicate,
aluminosilicate, magnesium oxide, calcium oxide, and
zinc oxide, or any combination thereof; or
(111) both (1) or (11); or
(1v) palladium and a solid support selected from the group
consisting of silica, titania, magnesium silicate, alumi-
nosilicate, magnesium oxide, calcium oxide, and zinc
oxide, or any combination thereof; or
(v) platinum and a solid support selected from the group
consisting of carbon, silica, alumina, titania, magne-
stum silicate, aluminosilicate, magnesium oxide, cal-
cium oxide, and zinc oxide, or any combination
thereof; or
(v1) palladium, and wherein the catalyst 1s homogeneous.
41. The method of embodiment 40, wherein at least one of
the metals 1n the catalyst 1s a Group 10 metal.
42. The method of embodiment 41, wherein at least one of
the metals 1n the catalyst 1s a Group 11 metal.
43. The method of any one of embodiments 40 to 42,
wherein the catalyst comprises palladium and platinum.

44. The method of embodiment 40, wherein the catalyst
COmMprises:

(1) palladium or platinum; and

(1) gold, silver, or copper, or any combination thereof.
45. The method of embodiment 40, wherein the catalyst
comprises palladium and at least one additional metal,
wherein the palladium and the least one additional metal are
present 1n the catalyst in a weight ratio of 0.5 to 20.
46. The method of embodiment 40, wherein the catalyst
COmprises:

(1) palladium;

(1) palladium and platinum:;

(111) palladium and gold;

(1v) palladium and copper;

(v) palladium and silver;

(v1) platinum;

(vi1) platinum and gold;

(vii1) platinum and copper; or

(1x) platinum and silver.
4’7. The method of any one of embodiments 40 to 46,
wherein the catalyst has a total metal loading between 0.1%
to 15% by weight.
48. The method of any one of embodiments 40 to 47,
wherein the catalyst comprises a solid support.
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49. The method of embodiment 48, wherein the solid
support comprises carbon, a Group 3 metal oxide, a Group
13 metal oxide, a Group 4 metal oxide, a Group 14 metal

oxide, or a Group 5 metal oxide, or any combination thereof.
50. The method of embodiment 49, wherein the solid

support comprises carbon, silica, alumina, titania, magne-
sium silicate, aluminosilicate, magnesium oxide, calcium
oxide, or zinc oxide, or any combination thereof.

51. The method of embodiment 40, wherein the catalyst 1s:

Pd+Pt/MgO:;

Pd+Au/MgO;

Pd+Au+K/C;

Pd+Ag/C;

Pd+Pt/C;

Pt+Cu/C;

Pt+Au/C;

Pt+Ag/C; or

Pd+Au/C,

or any combination thereof.

52. The method of any one of embodiments 40 to 51,
wherein the catalyst further comprises a promoter.

53. The method of embodiment 52, wherein the promoter 1s
potassium.

54. The method of embodiment 40, wherein the catalyst
comprises palladium, gold and potassium.

55. The method of any one of embodiments 40 to 54,

wherein the reagent has a

structure of formula (1):

(1)
0O
M e
G N7
Rb

wherein:

each R%, R” and R¢ is independently H, aliphatic, aryl, or

heteroaryl; or

R® and R” are taken together with the nitrogen atoms to
which they are connected to form a cyclic moiety
having at least 3 ring atoms.

56. The method of any one of embodiments 40 to 53,
wherein the reagent of formula (1) 1s other than IN,N-

dimethylformamide and N,N-dimethylacetamide.
S7. The method of any one of embodiments 40 to 53,

W)
Ot

herein when R¢ is H or methyl, then one of R* and R” is

ner than methyl.

58. The method of any one of embodiments 40 to 54,

wherein the reagent has a

structure of formula (11):

(1)

O
e v
Ny N

R4 R?

wherein:

(A) each R% R”, R°and R is independently H, aliphatic,
aryl or heteroaryl; or

(B) R? and R” are taken together with the nitrogen atoms
to which they are connected to form a cyclic moiety
having at least 3 ring atoms; and each R¢ and R? is
independently H, aliphatic, aryl or heteroaryl; or
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(C) each R? and R” is independently H, aliphatic, aryl or
heteroaryl; and R° and R? are taken together with the
nitrogen atoms to which they are connected to form a
cyclic moiety having at least 3 ring atoms; or

(D) R” and R” are taken together with the nitrogen atoms
to which they are connected to form a cyclic moiety
having at least 3 ring atoms; and R° and R are taken
together with the nmitrogen atoms to which they are
connected to form a cyclic moiety having at least 3 ring
atoms; or

(E) each R and R" 1s independently H, aliphatic, aryl or
heteroaryl; and R? and R are taken together with the
nitrogen atoms to which they are connected to form a
cyclic moiety having at least 5 ring atoms; or

(F) each R” and R? is independently H, aliphatic, aryl or
heteroaryl; and R“ and R° are taken together with the
nitrogen atoms to which they are connected to form a

cyclic moiety having at least 5 ring atoms; and

59. The method of any one of embodiments 40 to 54,
wherein the reagent has a

structure of formula (11):

(iii)
0O

R\ )‘\ H,R,

N N

)

wherein:

cach R* and R° 1s independently H, aliphatic, aryl or
heteroaryl; and

t 1s an 1nteger greater than or equal to O.

60. The method of any one of embodiments 40 to 54,

wherein the reagent of formula (1), (11) or (111) 15 selected
from the group consisting of

By
L
“r” )J\T <J Q/\

JL /\)

™~ -

)‘\/\)J\/

\/

O

J

= ‘ 0O

~ )‘\ P i
/l\, and AN N/:
7 | |

‘ F
X

or any combinations thereof.

65 61. The method of any one of embodiments 40 to 60,

wherein the compound of formula (I') 1s a compound of
tformula (I-a) or (I-b):
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(I-a)

or
(I-b)
wherein R" 1s C_ alkyl, wherein m is an integer greater than

or equal to 1.

62. The method of any one of embodiments 40 to 60,
wherein the compound of formula (I') 1s

63. The method of any one of embodiments 40 to 61,

wherein the compound of formula (A) 1s a compound of
formula (A-1) or (A-11):

(A-1)

(A-ii)
wherein m 1s an integer greater than or equal to 1.
63,

64. The method of any one of embodiments 40 to

wherein R* is C,_ alkyl.

65. The method of any one of embodiments 40 to 63,

wherein R'“ is —(CH,,), Y.

66. The method of any one of embodiments
wherein R** is —(CH,,), , CH(O).

67. The method of any one of embodiments
wherein R** is —(CH,) OH.

68. The method of any one of embodiments
wherein R** is —(CH,,), X.

69. The method of any one of embodiments
wherein the compound of formula (A)

A

70. The method of any one of embodiments 40 to 61,
wherein the compound of formula (A) 1s

40 to 63,

40 to 65,

40 to 695,

40 to 61,

O

’
T
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(A)

wherein:

R'*is —(CH,), Y, wherein:

m 1s an 1teger greater than or equal to 1; and

Y 1s halo; and

R**is —(CH,), ,CH(O), wherein:

n 1s an mteger greater than or equal to 1.
71. The method of any one of embodiments 40 to 61,
wherein the compound of formula (A) 1s:

(A)

wherein:

R'*is C, alkyl, wherein:

m 15 an 1teger greater than or equal to 1; and

R** is —(CH,,), ,CH(Q), wherein:

n 1s an mteger greater than or equal to 1.
72. The method of any one of embodiments 40 to 61,
wherein the compound of formula (A) 1s:

(A)

wherein:

R'*is C, alkyl, wherein:

m 15 an 1teger greater than or equal to 1; and

R*“* is —(CH,), OH, wherein:

n 1s an mteger greater than or equal to 1.
73. The method of any one of embodiments 40 to 61,
wherein the compound of formula (A) 1s:

(A)

wherein:

R'“ is H; and

R** is —(CH,,), ,CH(Q), wherein:

n 1s an integer greater than or equal to 1.
74. The method of any one of embodiments 40 to 61,
wherein the compound of formula (A) 1s:

(A)

wherein:

R'“ is H; and

R*“* is —(CH,,), OH, wherein:

n 1s an mteger greater than or equal to 1.
75. The method of any one of embodiments 40 to 61,
wherein the compound of formula (A) 1s:
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(A)
wherein:
R'“ is H; and
R** is —(CH,), X, wherein:

n 1s an integer greater than or equal to 1; and

X 1s halo.
76. The method of any one of embodiments 40 to 61,
wherein the compound of formula (A) 1s:

(A)

wherein:

R'“ is C  alkyl, wherein:

m 1s an integer greater than or equal to 1; and

R** is —(CH,), X, wherein:

n 1s an integer greater than or equal to 1; and

X 1s halo.
7’7. The method of any one of embodiments 40 to 70,
wherein Y 1s chloro.
78. The method of any one of embodiments 40 to 65, 68, 69,
75 and 76, wherein X 1s chloro.
79. The method of any one of embodiments 40 to 78,
wherein the compound of formula (A) 1s converted to the
compound of formula (I') 1n the further presence of acid.
80. The method of embodiment 79, wherein the acid 1s
hydrochloric acid or sulfonic acid.
81. The method of any one of embodiments 40 to 80,
wherein the compound of formula (A) 1s converted to the
compound of formula (I') 1n the further presence of solvent.
82. The method of embodiment 81, wherein the solvent
comprises organic solvent.
83. The method of embodiment 81 or 82, wherein the
solvent comprises aromatic solvent.
84. The method of any one of embodiments 81 to 83,
wherein the solvent comprises at least one mono-aryl com-
pound, at least one di-aryl compound, or at least one tri-aryl
compound, or any mixtures thereof.
85. The method of embodiment 84, wherein the at least one
mono-aryl compound 1s toluene or para-xylene.
86. The method of embodiment 81, wherein the solvent
comprises one or more aromatic solvents, one or more heavy
alkane solvents, one or more ester solvents, one or more
silicone oils, or any combinations or mixtures thereof.
87. The method of embodiment 81, wherein the solvent
comprises one or more alkyl phenyl solvents.
88. A composition, comprising;:

a compound of formula (A):

(A)

wherein:
R'* is —(CH,,),_,CH(O) or —(CH.,,), OH, wherein:
m 1s an integer greater than or equal to 1; and
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R**is —(CH.,),_,CH(O), —(CH.,), OH, or —(CH,,), X,
wherein:
n 1s an iteger greater than or equal to 1; and
X 1s halo;
hydrogen;
a catalyst; and
an amide or urea reagent.
89. The composition of embodiment 88, further comprising
a compound of formula (I'):

1)

wherein:

R" is C, alkyl, wherein m is as defined for formula (A);
and

R* is C, alkyl, wherein n is as defined for formula (A),
90. The composition of embodiment 89, wherein the com-
pound of formula (I') 1s

O

Ao

91. The composition of any one of embodiments 88 to 90,
wherein the reagent has a structure of formula (1):

O
J e
RE 1~‘J”

Rb

wherein:
each R% R” and R¢ is independently H, aliphatic, aryl, or
heteroaryl; or
R? and R” are taken together with the nitrogen atoms to
which they are connected to form a cyclic moiety
having at least 3 ring atoms.
92. The composition of any one of embodiments 88 to 90,
wherein the reagent has a structure of formula (11):

(11)
O
e M _w

R4 R?

wherein:

(A) each R% R”, R¢ and R is independently H, aliphatic,
aryl or heteroaryl; or

(B) R” and R” are taken together with the nitrogen atoms
to which they are connected to form a cyclic moiety
having at least 3 ring atoms; and each R° and R? is
independently H, aliphatic, aryl or heteroaryl; or

(C) each R* and R” is independently H, aliphatic, aryl or
heteroaryl; and R¢ and R” are taken together with the
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nitrogen atoms to which they are connected to form a
cyclic moiety having at least 3 ring atoms; or

(D) R* and R” are taken together with the nitrogen atoms
to which they are connected to form a cyclic moiety
having at least 3 ring atoms; and R and R? are taken
together with the mitrogen atoms to which they are
connected to form a cyclic moiety having at least 3 ring
atoms; or

(E) each R” and R 1s independently H, aliphatic, aryl or
heteroaryl; and R” and R? are taken together with the
nitrogen atoms to which they are connected to form a
cyclic moiety having at least 5 ring atoms; or

(F) each R” and R is independently H, aliphatic, aryl or
heteroaryl; and R“ and R® are taken together with the
nitrogen atoms to which they are connected to form a
cyclic moiety having at least 5 ring atoms; and

93. The composition of any one of embodiments 88 to 90,
wherein the reagent has a structure of formula (11):

(iii)
0O

a
)‘k ..--""R’

N N

(-

C
R\

wherein:
cach R and R° 1s independently H, aliphatic, aryl or
heteroaryl; and

t 1s an i1nteger greater than or equal to O.
94. The composition of any one of embodiments 88 to 93,
wherein R'“ is —(CH,,),,_,CH(O).
95. The composition of any one of embodiments 88 to 93,
wherein R** is —(CH,,) OH.

96. The composition of any one of embodiments 88 to 93,
wherein R** is —(CH,), _,CH(O).

9’7. The composition of any one of embodiments 88 to 93,
wherein R*“ is —(CH,,), OH.

98. The composition of any one of embodiments 88 to 93,
wherein R** is —(CH,), X

99. The composition of any one of embodiments 88 to 93,
wherein the compound of formula (A) 1s

100. The composition of any one of embodiments 88 to 93,
wherein the compound of formula (A) 1s

(A)
wherein:
R'“ is —(CH,),,_,CH(O); and
R2% is —(CH,), _,CH(O).

101. The composition of any one of embodiments 88 to 93,
wherein the compound of formula (A) 1s
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(A)
R la 0O R2a
r
wherein:
R'is —(CH,)_ OH; and
R*“ is —(CH,), OH.
102. The composition of any one of embodiments 88 to 93,

wherein the reagent of formula (1), (11) or (111) 15 selected
from the group consisting of

Be

J

“r” J‘r/ J Q
/\l 1 1),

‘i/

i/\i/

\J/

™~ -

O

O
PNE NN

>

\

4

0
\N)I\N/,
o

or any combinations thereof.
103. The composition of any one of embodiments 88 to 102,
wherein the catalyst comprises at least one Group 10 metal.
104. The composition of embodiment 103, wherein the
catalyst further comprises at least one Group 11 metal.
105. The composition of any one of embodiments 88 to 104,
wherein the catalyst comprises palladium, or platinum, or
any combination thereof.
106. The composition of embodiment 105, wherein the
catalyst further comprises gold, silver, or copper, or any
combination thereof.
107. The composition of any one of embodiments 88 to 102,
wherein the catalyst comprises palladium and at least one
additional metal, wherein the palladium and the least one
additional metal are present in the catalyst 1n a weight ratio
of 0.5 to 20.
108. The composition of any one of embodiments 88 to 102,
wherein the catalyst comprises:

(1) palladium:;

(1) palladium and platinum:;

(111) palladium and gold;

(1v) palladium and copper;

(v) palladium and silver;

(v1) platinum;

(vi1) platinum and gold;

(viil) platinum and copper; or

(1x) platinum and silver.
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109. The composition of any one of embodiments 88 to 108,
wherein the catalyst has a total metal loading between 0.1%

to 15% by weight.
110. The composition of any one of embodiments 88 to 102,
wherein the catalyst comprises a solid support.
111. The composition of embodiment 110, wherein the solid
support comprises carbon, a Group 3 metal oxide, a Group
13 metal oxide, a Group 4 metal oxide, a Group 14 metal
oxide, or a Group 5 metal oxide, or any combination thereof.
112. The composition of embodiment 110, wherein the solid
support comprises carbon, silica, alumina, titania, magne-
sium silicate, aluminosilicate, magnesium oxide, calcium
oxide, or zinc oxide, or any combination thereof.
113. The composition of any one of embodiments 88 to 102,
wherein the catalyst 1s:

Pd/Al,O;;

Pd/C;

Pd+Pt/MgO:;

Pd+Au/MgO;

Pd/MgO;

Pd/ZSM3;

Pd/Beta:

Pd+Au+K/C;

Pd+Ag/C;

Pd+Pt/C;

Pt+Cu/C;

Pt+Au/C;

Pt+Ag/C; or

Pd+Au/C,

or any combination thereof.
114. The composition of any one of embodiments 88 to 113,
wherein the catalyst further comprises a promoter.
115. The composition of embodiment 114, wherein the
promoter 1s potassium.
116. The composition of any one of embodiments 88 to 102,
wherein the catalyst comprises palladium, gold and potas-
S1UIm.
117. The composition of any one of embodiments 88 to 116,
turther comprising acid.
118. The composition of embodiment 117, wherein the acid
1s hydrochloric acid or sulfonic acid.
119. The composition of any one of embodiments 88 to 118,
turther comprising solvent.
120. The composition of embodiment 119, wherein the
solvent comprises organic solvent.
121. The composition of embodiment 119 or 120, wherein
the solvent comprises aromatic solvent.
122. The composition of any one of embodiments 119 to
121, wherein the solvent comprises at least one mono-aryl
compound, at least one di-aryl compound, or at least one
tri-aryl compound, or any mixtures thereof.
123. The composition of embodiment 122, wherein the at
least one mono-aryl compound 1s toluene or para-xylene.
124. The composition of embodiment 119, wherein the
solvent comprises one or more aromatic solvents, one or
more heavy alkane solvents, one or more ester solvents, one
or more silicone oils, or any combinations or mixtures
thereol.
125. The composition of embodiment 119, wherein the
solvent comprises one or more alkyl phenyl solvents.
126. A composition, comprising:

a compound of formula (A):

(A)
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wherein:

R'is C_ alkyl, or —(CH,) Y, wherein:

m 1s an integer greater than or equal to 0, provided
that when m is 0, R'* is H; and

Y 1s halo; and

R**is —(CH.,),_,CH(O), —(CH.,), OH, or —(CH.,), X,
wherein:
m 1s an integer greater than or equal to 1; and

X 1s halo; and

an amide or urea reagent;
hydrogen; and
a catalyst comprising:
(1) at least two metals; or
(1) a solid support selected from the group consisting of
carbon, silica, alumina, titania, magnesium silicate,
aluminosilicate, magnesium oxide, calcium oxide, and
zinc oxide, or any combination thereof; or
(111) both (1) or (11); or
(1v) palladium and a solid support selected from the group
consisting of silica, titama, magnesium silicate, alumi-
nosilicate, magnesium oxide, calcium oxide, and zinc
oxide, or any combination thereof; or
(v) platinum and a solid support selected from the group
consisting of carbon, silica, alumina, titania, magne-
stum silicate, aluminosilicate, magnesium oxide, cal-
cium oxide, and zinc oxide, or any combination
thereof; or
(v1) palladium, and wherein the catalyst 1s homogeneous.
12°7. The composition of embodiment 126, wherein at least
one of the metals 1n the catalyst 1s a Group 10 metal.
128. The composition of embodiment 127, wherein at least
one of the metals 1n the catalyst 1s a Group 11 metal.
129. The composition of any one of embodiments 126 to
128, wherein the catalyst comprises palladium and platinum.
130. The composition of embodiment 126, wherein the
catalyst comprises: (1) palladium or platinum; and (11) gold,
silver, or copper, or any combination thereof.
131. The composition of embodiment 126, wherein the
catalyst comprises palladium and at least one additional
metal, wherein the palladium and the least one additional
metal are present in the catalyst in a weight ratio of 0.5 to
20.
132. The composition of embodiment 126, wherein the
catalyst comprises:
(1) palladium:;
(1) palladium and platinum:;
(111) palladium and gold;
(1v) palladium and copper;
(v) palladium and silver;
(v1) platinum;
(vi1) platinum and gold;
(viil) platinum and copper; or
(1x) platinum and silver.
133. The composition of any one of embodiments 126 to
132, wherein the catalyst has a total metal loading between
0.1% to 15% by weight.
134. The composition of any one of embodiments 126 to
133, wherein the catalyst comprises a solid support.
135. The composition of embodiment 134, wherein the solid
support comprises carbon, a Group 3 metal oxide, a Group
13 metal oxide, a Group 4 metal oxide, a Group 14 metal
oxide, or a Group 5 metal oxide, or any combination thereof.
136. The composition of embodiment 135, wherein the solid
support comprises carbon, silica, alumina, titania, magne-
sium silicate, aluminosilicate, magnesium oxide, calcium
oxide, or zinc oxide, or any combination thereof.
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137. The composition of embodiment 126, wherein the
catalyst 1s:

Pd+Pt/MgQO:;

Pd+Au/MgO;

Pd+Au+K/C;

Pd+Ag/C;

Pd+Pt/C;

Pt+Cu/C;

Pt+Au/C;

Pt+Ag/C; or

Pd+Au/C,

or any combination thereof.
138. The composition of any one of embodiments 126 to
137, wherein the catalyst further comprises a promoter.
139. The composition of embodiment 138, wherein the
promoter 1s potassium.
140. The composition of embodiment 126, wherein the
catalyst comprises palladium, gold and potassium.
141. The composition of any one of embodiments 126 to
140, wherein the reagent 1s a reagent of formula (1):

(1)

O
)‘\ Rﬂ
RE N~

Rb

wherein:

each R%, R” and R” is independently H, aliphatic, aryl, or
heteroaryl; or

R? and R” are taken together with the nitrogen atoms to
which they are connected to form a cyclic moiety having at
least 3 ring atoms.
142. The composition of embodiment 141, wherein the
reagent of formula (1) 1s other than N,N-dimethylformamide
and N,N-dimethylacetamide.
143. The composition of embodiment 141, wherein when R®
is H or methyl, then one of R% and R” is other than methyl.
144. The composition of any one of embodiments 126 to
140, wherein the reagent 1s a reagent of formula (11):

(1)

wherein:

(A) each R% R”, R° and R is independently H, aliphatic,
aryl or heteroaryl; or

(B) R? and R” are taken together with the nitrogen atoms
to which they are connected to form a cyclic moiety having
at least 3 ring atoms; and each R and R is independently H,
aliphatic, aryl or heteroaryl; or

(C) each R* and R” is independently H, aliphatic, aryl or
heteroaryl; and R° and R? are taken together with the
nitrogen atoms to which they are connected to form a cyclic
moiety having at least 3 ring atoms; or

(D) R® and R” are taken together with the nitrogen atoms
to which they are connected to form a cyclic moiety having,
at least 3 ring atoms; and R° and R are taken together with
the nitrogen atoms to which they are connected to form a
cyclic moilety having at least 3 ring atoms; or
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(E) each R® and R 1s independently H, aliphatic, aryl or
heteroaryl; and R” and R? are taken together with the
nitrogen atoms to which they are connected to form a cyclic
moiety having at least 5 ring atoms; or

(F) each R” and R? is independently H, aliphatic, aryl or
heteroaryl; and R* and R° are taken together with the
nitrogen atoms to which they are connected to form a cyclic
moiety having at least 5 ring atoms.

145. The composition of any one of embodiments 126 to

140, wherein the reagent 1s a reagent of formula (i11):

(iii)

wherein:

cach R* and R° 1s independently H, aliphatic, aryl or
heteroaryl; and

t 1s an 1nteger greater than or equal to O.
146. The composition of any one of embodiments 126 to
140, wherein the reagent of formula (1), (11) or (111) 1s selected
from the group consisting of

A i/\l/
U / i
L
N {J Q
0.0

| o
)‘l, PN
S

X

O
/\N)J\N/\

>

\

4

e

or any combinations thereof.
147. The composition of any one of embodiments 126 to
146, further comprising a compound of formula (I'):

I')

wherein:
R' is C, alkyl, wherein m is an integer greater than or
equal to 0, provided that when m is 0, R" is H; and
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R* is C, alkyl, wherein n is an integer greater than or
equal to 1.
148. The composition of embodiment 147, wherein the
compound of formula (I') 1s a compound of formula (I-a) or

(I-b):

(I-a)

or

(I-b)

wherein R" is C_ alkyl, wherein m is an integer greater than
or equal to 1.

149. The composition of embodiment 147, wherein the
compound of formula (I') 1s

O

150. The composition of any one of embodiments 126 to
149, wherein the compound of formula (A) 1s a compound

of formula (A-1) or (A-11):

(A-1)
8| () RZII
.
(A-ii)
R la 0O R24
wr
wherein m 1s an integer greater than or equal to 1.
151. The composition of any one of embodiments 126 to
150, wherein R'* is C__ alkyl.
152. The composition of any one of embodiments 126 to
150, wherein R'* is —(CH.,)), Y.
153. The composition of any one of embodiments 126 to
152, wherein R** is —(CH.,), ,CH(O).
154. The composition of any one of embodiments 126 to
152, wherein R** is —(CH.,,), OH.
155. The composition of any one of embodiments 126 to
152, wherein R** is —(CH.,), X.
156. The composition of any one of embodiments 126 to
149, wherein the compound of formula (A) 1s

~
/.
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-continued

A4

157. The composition of any one of embodiments 126 to
149, wherein the compound of formula (A) 1s

(A)

wherein:

R'* is —(CH,), Y, wherein:

m 15 an 1teger greater than or equal to 1; and

Y 1s halo; and

R** is —(CH,,), _,CH(O), wherein:

n 1s an mteger greater than or equal to 1.
158. The composition of any one of embodiments 126 to
149, wherein the compound of formula (A) 1s:

(A)
R la 0O R2a
wr
wherein:
R'*is C _ alkyl, wherein:
m 1s an 1teger greater than or equal to 1; and
R** is —(CH,,), ,CH(O), wherein:
n 1s an integer greater than or equal to 1.
159. The composition of any one of embodiments 126 to

149, wherein the compound of formula (A) 1s:

(A)

wherein:

R'*is C _ alkyl, wherein:

m 15 an 1nteger greater than or equal to 1; and

R** is —(CH,), OH, wherein:

n 1s an integer greater than or equal to 1.
160. The composition of any one of embodiments 126 to
149, wherein the compound of formula (A) 1s:

(A)

wherein:
R'“ is H; and
R** is —(CH,,), ,CH(Q), wherein:
n 1s an mteger greater than or equal to 1.
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161. The composition of any one of embodiments 126 to
149, wherein the compound of formula (A) 1s:

(A)
wherein:
R'“ is H; and
R*“ is —(CH,),,OH, wherein:

n 1s an integer greater than or equal to 1.
162. The composition of any one of embodiments 126 to
149, wherein the compound of formula (A) 1s:

(A)
wherein:
R'“ is H; and
R** is —(CH,), X, wherein:

n 1s an integer greater than or equal to 1; and

X 1s halo.
163. The composition of any one of embodiments 126 to
149, wherein the compound of formula (A) 1s:

(A)
wherein:
R'“ is C, alkyl, wherein:

m 1s an integer greater than or equal to 1; and
R** is —(CH,), X, wherein:

n 1s an integer greater than or equal to 1; and
X 1s halo.

164. The composition of any one of embodiments 126 to

157, wherein Y 1s chloro.

165. The composition of any one of embodiments 126 to
152, 155, 156, 162 and 163, wherein X 1s chloro.

166. The composition of any one of embodiments 126 to
1635, wherein the compound of formula (A) 1s converted to
the compound of formula (I') in the further presence of acid.
167. The composition of embodiment 166, wherein the acid
1s hydrochloric acid or sulfonic acid.

168. The composition of any one of embodiments 126 to
167, wherein the compound of formula (A) 1s converted to
the compound of formula (I') in the further presence of
solvent.

169. The composition of embodiment 168, wherein the
solvent comprises organic solvent.

1’70. The composition of embodiment 168 or 169, wherein
the solvent comprises aromatic solvent.

1’71. The composition of any one of embodiments 168 to
1’70, wherein the solvent comprises at least one mono-aryl
compound, at least one di-aryl compound, or at least one
tri-aryl compound, or any mixtures thereof.

1’72. The composition of embodiment 171, wherein the at
least one mono-aryl compound 1s toluene or para-xylene.
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1’73. The composition of embodiment 168, wherein the
solvent comprises one or more aromatic solvents, one or
more heavy alkane solvents, one or more ester solvents, one
or more silicone oils, or any combinations or mixtures
thereof.
1’74. The composition of embodiment 168, wherein the
solvent comprises one or more alkyl phenyl solvents.
175. A method of producing para-xylene, comprising:
combining a compound of formula (I') produced accord-
ing to the method of any one of embodiments 1 to 87 and
cthylene to produce para-xylene, wherein the compound of
formula (I') 1s 2,5-dimethyliuran.
176. A method of producing terephthalic acid, comprising:
combining a compound of formula (I') produced accord-
ing to the method of any one of embodiments 1 to 87 and
cthylene to produce para-xylene, wherein the compound of
formula (I') 1s 2,5-dimethylfuran; and
oxidizing the para-xylene to terephthalic acid.
1’77. A method of producing polyethylene terephthalate,
comprising:
combining a compound of formula (I') produced accord-
ing to the method of any one of embodiments 1 to 87 and
cthylene to produce para-xylene, wherein the compound of
formula (I') 1s 2,5-dimethylfuran;
oxidizing the para-xylene to terephthalic acid; and
polymerizing terephthalic acid with ethylene glycol to

produce polyethylene terephthalate.
1'78. A method of producing a compound of formula (I'):

(I")

wherein:
R" is C_ alkyl, wherein m is an integer greater than or
equal to 0, provided that when m is 0, R is H;
R* is C, alkyl, wherein n is an integer greater than or
equal to 1; and

R* and R’ are independently H or alkyl,
the method comprising converting a compound of formula
(A") to the compound of formula (I") 1n the presence of (1)
hydrogen and (2) a solid-supported metal catalyst compris-
ing a metal component and a basic solid support, and (3)
optionally an amide reagent, a urea reagent, or a combina-
tion thereot, to produce additional compound of formula (I'),
wherein:

the compound of formula (A") 1s:

(A7)

R* RY

wherein:
R' is C_ alkyl, —(CH,) Y, —(CH,)
—(CH,),, OH wherein:
m 1s as defined for formula (I"), provided that when
m is 0, R'? is H; and
Y 1s halo; and

CH(O) or
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R** is —(CH,),,., CH(O), —(CH,),,OH, or —(CH,),, X,
wherein:

n 1s as defined for formula (I"); and
X 1s halo; and
R* and R’ are as defined for formula (I'),

the basic solid support 1s a solid support that (1) has more
basic sites than acidic sites and (11) chemisorbs at least 0.001
g carbon dioxide/g solid support.

179. The method of embodiment 178, wherein:
the compound of formula (I") 1s a compound of formula

(T):
I’

wherein:
R" is C_ alkyl, wherein m is an integer greater than or
equal to 0, provided that when m is 0, R' is H; and
R* is C, alkyl, wherein n is an integer greater than or
equal to 1; and

the compound of formula (A") 1s a compound of formula
(A):

(A)

wherein:
R'" is C_ alkyl, —(CH,), Y, —(CH,),__,CH(O) or
—(CH,),, OH wherein:
m 1s as defined for formula (I'), provided that when
m is 0, R' is H; and
Y 1s halo; and
R**is —(CH.,),_,CH(O), —(CH.,), OH, or —(CH.,), X,
wherein:
n 1s as defined for formula (I'); and
X 1s halo.
180. The method of embodiment 178 or 179, wherein the
basic solid support comprises a basic metal oxide.
181. The method of embodiment 178 or 179, wherein the
basic solid support comprises a solid support modified by an
alkali metal or an alkali earth metal.
182. The method of embodiment 178 or 179, wherein the
basic solid support comprises a solid support modified by a
base.

183. The method of embodiment 178 or 179, wherein the
basic solid support comprises BeO, MgO, CaO, SrO, BaO,
/n0O, Al,O,, Y,0,, La,0O,, CeO,, ThO,, Ti0,, ZrO, or
SnO,, or any combinations thereof.
184. The method of embodiment 178 or 179, wherein the
catalyst 1s:

Pd+Pt/MgO;

Pd+Au/MgQO; or

Pd/MgO,
or any combination thereof.
185. The method of embodiment 178 to 184, further com-
prising 1solating the compound of formula (I").
186. The method of embodiment 178 to 185, wherein the
converting the compound of formula (A") to the compound
of formula (I") 1n the presence of (1) hydrogen and (2) the
solid-supported metal catalyst produces a residual solid-
supported metal catalyst, and the method further comprises
isolating the residual solid-supported metal catalyst.
187. The method of embodiment 178 to 186, wherein the

converting the compound of formula (A") to the compound
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of formula (I") 1n the presence of (1) hydrogen and (2) the
solid-supported metal catalyst produces a residual solid-
supported metal catalyst, and the method further comprises:
regenerating the residual solid-supported metal catalyst to
produce a regenerated solid-supported metal catalyst; and
combining the regenerated solid-supported metal catalyst
with additional compound of formula (A") in the presence of
additional hydrogen and optionally additional amide
reagent, urea reagent, or a combination thereot, to produce
additional compound of formula (I").
188. A method of producing a compound of formula (I'"):

'

\

RY

(I")

RI

wherein:
R" is C_ alkyl, wherein m is an integer greater than or
equal to 0, provided that when m is 0, R" is H;
R* is C, alkyl, wherein n is an integer greater than or
equal to 1; and
R* and R’ are independently H or alkyl,
the method comprising converting a compound of formula
(A") to the compound of formula (I") in the presence of (1)
hydrogen, (2) a catalyst comprising a metal component and

an acidic solid support, and (3) an amide reagent, a urea
reagent, or a combination thereof,
wherein:

the compound of formula (A") 1s:

hog

/ N\

R* RY

(A7)

wherein:
R' is —(CH,)_ _,CH(O) or —(CH,) OH, wherein:
m 1s as defined for formula (I"), provided that when
m is 0, R'? is H; and

Y 1s halo;
R**is —(CH.,),_,CH(O), —(CH.,), OH, or —(CH.,), X,
wherein:
n 1s as defined for formula (I"); and
X 1s halo:

R* and R are as defined for formula (I"); and

the acidic solid support 1s a solid support that (1) has more
acidic sites than basic sites, and (11) chemisorbs at least 0.001

g ammoma/g solid support.
189. The method of embodiment 188, wherein:

the compound of formula (I") 1s a compound of formula

(I'):

R O &)

R?,
U
wherein:

R" is C,_ alkyl, wherein m is an integer greater than or
equal to 0, provided that when m is 0, R is H; and
R* is C, alkyl, wherein n is an integer greater than or

equal to 1; and
the compound of formula (A") 1s a compound of formula

(A):
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(A)
R la 0 R2a
A4

wherein:
R'is —(CH.,), ,CH(O) or —(CH,)_ OH, wherein:
m 1s as defined for formula (I'), provided that when
m is 0, R'“ is H; and
Y 1s halo; and
R** 15 —(CH,), ,CH(O),
—(CH,), X, wherein:
n 1s as defined for formula (I'); and
X 1s halo.
190. The method of embodiment 188 or 189, wherein the
acidic solid support comprises zeolite, an acidic metal oxide,
or an acidic mixed metal oxide, or any combination thereof.
191. The method of embodiment 188 or 189, wherein the
acidic solid support comprises S10,, ZnO, CdO, Al,O,,
CeQ,, ThO,, T10,, Zr0,, SnO,, PbO, As,O;, B1,0,, Sb,0.,
V,0;, Cr,0O;, MoO;, WO,, S10,—AlL,0,;, S10,—T10,,
S10,—Sn0O,, S10,—7Zr0,, S10,—BeO, $10,—MgO,
S510,—Ca0, S10,—SrO, S10,—7Zn0O, $S10,—Ga,0;,
S10,—YrO;, S1—0,—La,0;, S10,—MoO;, S10,—WO,,
S10,—V, 0., S10,—ThO,, Al,O,—MgO, Al,0,—ZnO0O,
Al O —(CdO, Al, O —B 03,A1 O —ThO,, Al O —T10,,
Al,O,—710,, Al ;0,—V,0., Al 5;0;—Mo0O;,, Al ;03—
wO,, AlLO,—Cr,0,, Al,O,—Mn,0O,, Al,0,—Fe,O,,
AlLO —CO3O4,, Al O, —N10 T10,—CuO, T10 —MgO,
TiOz—ZnO, TiOz—CdO,, TiOZ—ZrOZj T10,—Sn0O.,
110,—B1,0;, T10,—Sb,0., T10,—V,0., T10,—Cr,0;,
T10,—MoO,, T1i0,—WO,, T10,—Mn,0,, T1i0,—Fe,0;,
T110,—Co0,0,, Ti0,—Ni10, ZrO,—CdO, 7ZnO—MgO,
/n0O—Fe,0;, MoO;—CoO—ALO;, MoO;—Ni1O—
Al,O;, T1i0,—S10,—MgO, MoO;—Al,0,—MgO, ZSM5,
or Beta zeolite, or any combination thereof.
192. The method of embodiment 191, wherein the acidic
solid support 1s Al,O,, or S10,, or any combination thereof.
193. The method of embodiment 188 or 189, wherein the
catalyst 1s:
Pd/Al1,0O;;
Pd/ZSM3;
Pd/Beta zeolite;
Pd+Au/Al,O;;
Pd+Ag/Al,O,; and
Pd+Cu/Al,QO,,

or any combination thereof.

194. The method of embodiment 193, wherein the catalyst
1s Pd/Al,QO,.

195. The method of any one of embodiments 188 to 194,
wherein the compound of formula (A") 1s converted to the
compound of formula (I'") i the presence of (1) hydrogen,
(2) the catalyst, (3) the amide reagent, the urea reagent, or
a combination thereof, and (4) an aromatic reagent.

196. The method of embodiment 195, wherein the amide
reagent, the urea reagent, or a combination thereof, and the

aromatic reagent are present in a mass ratio of between 1:10
and 10:1.

197. The method of embodiment 195 or 196, wherein the
aromatic reagent comprises at least one mono-aryl com-
pound, at least one di-aryl compound, or at least one tri-aryl

compound, or any mixtures thereof.
198. The method of embodiment 195 or 196, wherein the

aromatic reagent comprises an alkyl benzene.

—(CH,)—OH, or
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199. The method of embodiment 195 or 196, wherein the
aromatic reagent comprises a linear alkyl benzene.
200. The method of embodiment 195 or 196, wherein the

aromatic reagent comprises toluene, benzene, xylene, or
mesitylene, or any combination thereof.

201. The method of embodiment 188 to 200, further com-

prising 1solating the compound of formula (I").
202. The method of embodiment 188 to 201, wherein the
converting of the compound of formula (A") to the com-
pound of formula (I") in the presence of (1) hydrogen, (2)
the catalyst, and (3) the amide reagent, the urea reagent, or
a combination thereol, produces a residual solid-supported
metal catalyst, and the method further comprises 1solating
the residual solid-supported metal catalyst.
203. The method of embodiment 188 to 202, wherein the
converting of the compound of formula (A") to the com-
pound of formula (I") in the presence of (1) hydrogen, (2)
the catalyst, and (3) the amide reagent, the urea reagent, or
a combination thereot, produces a residual solid-supported
metal catalyst, and the method further comprises:
regenerating the residual solid-supported metal catalyst to
produce a regenerated solid-supported metal catalyst; and
combining the regenerated solid-supported metal catalyst
with additional compound of formula (A") in the presence of
additional hydrogen and additional amide reagent, urea
reagent, or a combination thereof, to produce additional
compound of formula (I").
204. A method of producing a compound of formula (I'"):

L (1)
R

\ /

RI

2.’
R,

RY

wherein:
R" is C_ alkyl, wherein m is an integer greater than or
equal to 0, provided that when m is 0, R" is H;
R* is C, alkyl, wherein n is an integer greater than or
equal to 1; and
R* and R’ are independently H or alkyl,
the method comprising converting a compound of formula
(A") to the compound of formula (I") 1n the presence of (1)
hydrogen, (2) a catalyst comprising a metal component and
a solid support, and (3) an amide reagent, a urea reagent, or
a combination thereol, under acidic conditions,
wherein:
the compound of formula (A") 1s:

AH‘
e o (A")

\ /

RY

2a
R=,

RI

wherein:
R'* is —(CH,,), _,CH(O) or —(CH,)_ OH, wherein:
m 1s as defined for formula (I"), provided that when
m is 0, R'? is H; and
Y 1s halo;
R**is —(CH.,) ,CH(O), —(CH,) OH, or —(CH.,) X,
wherein:

n 1s as defined for formula (I"); and
X 1s halo; and

R* and R” are as defined for formula (I").
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205. The method of embodiment 204, wherein:
the compound of formula (I") 1s a compound of formula

(I):

(')

wherein:
R" is C_ alkyl, wherein m is an integer greater than or
equal to 0, provided that when m is 0, R" is H; and
R* is C, alkyl, wherein n is an integer greater than or

equal to 1; and
the compound of formula (A") 1s a compound of formula

(A):

(A)

wherein:
R'¢ is —(CH,) _,CH(O) or —(CH.,),, OH, wherein:
m 1s as defined for formula (I'), provided that when
m is 0, R*? is H; and
Y 1s halo; and
R**is —(CH,), ,CH(O), —(CH,), OH, or —(CH,) X,
wherein:

n 1s as defined for formula (I'); and
X 1s halo.

206. The method of embodiment 204 or 205, wherein the
solid support 1s an acidic support that (1) has more acidic
sites than basic sites, and (1) chemisorbs at least 0.001 g
ammomnia/g solid support.

207. The method of embodiment 206, wherein the acidic
solid support comprises zeolite, an acidic metal oxide, or an
acidic mixed metal oxide, or any combination thereof.
208. The method of embodiment 206, wherein the acidic
solid support comprises S10,, ZnO, CdO, Al,O,, CeO.,,
ThO,, T10,, ZrO,, SnO,, PbO, As,O;, B1,0O,, Sb,0., V,0O.,
Cr,0O;, MoO,;, WO,, S10,—AlL,0,, S10,—T110,, S10,—
SnQ0,, S10,—710,, S10,—BeO, S10,—MgO, S10,—CaO,
S10,—SrO, 8S10,—7Zn0, 8S10,—Ga,0;, S10,—Y10;,
S1—O,—La,0,, S10,—Mo0O,, S10,—WO,, S10,—V,0.,
S10,—ThO,, ALO,—MgO, Al,O,—7n0, Al,0,—CdO,
Al,0,—B,0,, AL,O,—ThO,, Al,0,—T10,, AL,O,—Z7r0,,
AlL,O;—V,0,, Al,O;—Mo0O,;, Al,O,—W0O,;, AlLO,—
Cr,0O;, Al,O;—Mn,0,;, Al,O,—Fe,0,;, AlLO;—Co0,0,,
AlL,LO;—Ni10, Ti0,—CuO, TiO,—MgO, TiO,—7Zn0O,
110,—CdO, Ti0,—7r0O,, Ti10,—Sn0O,, Ti0,—B1,0;,
T10,—Sb,0O., T10,—V,0., T10,—Cr,0,, T10,—Mo0O,,
110,—WO,, T10,—Mn,0;, T10,—Fe,0O,, T10,—Co0,0,,
T10,—N10, 7ZrO,—CdO, 7ZnO—Mg0O, 7ZnO—Fe,0,,
MoO;—Co0—Al,0;, MoO,—Ni10O—AL,O;, TiO,—
S10,—MgO, MoO,—AlL,0,—MgO, ZSMS5, or Beta zeo-
lite, or any combination thereof.

209. The method of embodiment 206, wherein the acidic
solid support 1s Al,O,, or S10,, or any combination thereof.
210. The method of embodiment 204 or 205, wherein the
solid support 1s a neutral support, and wherein the compound
of formula (A) 1s converted to the compound of formula (I')
in the presence of (1) hydrogen, (2) the catalyst, (3) an amide
reagent, a urea reagent, or a combination thereot, and (4) an
acid.
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211. The method of embodiment 210, wherein the neutral
support comprises carbon.
212. The method of embodiment 204 or 205, wherein the
catalyst 1s:

Pd/Al,0Ox5;

Pd/C;

Pd+Pt/MgO;

Pd+Au/MgO;

Pd/MgQO:;

Pd/ZSMS5;

Pd/Beta zeolite;

Pd+Au+K/C;

Pd+Ag/C;

Pd+Pt/C;

Pt+Cu/C;

Pt+Au/C;

Pt+Ag/C; or

Pd+Au/C; or

or any combination thereof.
213. The method of embodiment 212, wherein the catalyst
1s Pd/Al,O, or Pd/C.
214. The method of any one of embodiments 210 to 213,
wherein the compound of formula (A") 1s converted to the
compound of formula (I'") i the presence of (1) hydrogen,
(2) the catalyst, (3) the amide reagent, the urea reagent, or
a combination thereof, (4) the acid, and (5) an aromatic
reagent.
215. The method of embodiment 214, wherein the amide
reagent, the urea reagent, or a combination thereof, and the
aromatic reagent are present 1 a mass ratio of between 1:10
and 10:1.
216. The method of embodiment 214 or 215, wherein the
aromatic reagent comprises at least one mono-aryl com-
pound, at least one di-aryl compound, or at least one tri-aryl
compound, or any mixtures thereof.
217. The method of embodiment 214 or 215, wherein the
aromatic reagent comprises an alkyl benzene.
218. The method of embodiment 214 or 215, wherein the
aromatic reagent comprises a linear alkyl benzene.
219. The method of embodiment 214 or 215, wherein the
aromatic reagent comprises toluene, benzene, xylene, or
mesitylene, or any combination thereof.
220. The method of any one of embodiments 210 to 219,
wherein the acid 1s:

(1) generated 1n situ;

(11) a Bronsted acid;

(111) H—X or H—Y, wherein X and Y are as defined for
formula (A) above; or

(1v) hydrochloric acid or sulifonic acid.
221. The method of embodiment 204 to 220, further com-
prising 1solating the compound of formula (I").
222. The method of embodiment 204 to 221, wherein the
converting of the compound of formula (A") to the com-
pound of formula (I") 1n the presence of (1) hydrogen, (2)
the catalyst, and (3) the amide reagent, the urea reagent, or
a combination thereof, under acidic conditions, produces a
residual solid-supported metal catalyst, and the method
further comprises 1solating the residual solid-supported
metal catalyst.
223. The method of embodiment 204 to 222, wherein the
converting ol the compound of formula (A") to the com-
pound of formula (I") in the presence of (1) hydrogen, (2)
the catalyst, and (3) the amide reagent, the urea reagent, or
a combination thereof, under acidic conditions, produces a
residual solid-supported metal catalyst, and the method
further comprises:
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regenerating the residual solid-supported metal catalyst to
produce a regenerated solid-supported metal catalyst; and

combining the regenerated solid-supported metal catalyst
with additional compound of formula (A") 1n the presence of
additional hydrogen and additional amide reagent, urea
reagent, or a combination thereof, to produce additional
compound of formula (I").
224. A method of producing a compound of formula (I'):

(I")

RI

wherein:
R' is C, alkyl, wherein m is an integer greater than or
equal to 0, provided that when m is 0, R' is H;
R* is C, alkyl, wherein n is an integer greater than or
equal to 1; and
R* and R’ are independently H or alkyl,
the method comprising converting a compound of formula
(A") to the compound of formula (I") 1n the presence of (1)
hydrogen, (2) a catalyst comprising a metal component and
a solid support, (3) an amide reagent, a urea reagent, or a

combination thereot, and (4) an acid,
wherein:
the compound of formula (A") 1s:

e o (A")

\ /

RY

2
R=4,

RI

wherein:
R' is —(CH,), ,CH(O) or —(CH.,,), OH, wherein:
m 1s as defined for formula (I"), provided that when
m is 0, R'“ is H; and

Y 1s halo:;
R**is —(CH,), ,CH(O), —(CH,), OH, or —(CH,) X,
wherein:
n 1s as defined for formula (I"); and
X 1s halo; and

R* and R are as defined for formula (I").
225. The method of embodiment 224, wherein:

the compound of formula (I") 1s a compound of formula

(I):

(I')

wherein:
R" is C_ alkyl, wherein m is an integer greater than or
equal to 0, provided that when m is 0, R' is H; and
R* is C, alkyl, wherein n is an integer greater than or
equal to 1; and
the compound of formula (A") 1s a compound of formula

(A):
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(A)

wherein:
R' is —(CH,),_,CH(O) or —(CH,,) OH, wherein:
m 1s as defined for formula (I'), provided that when
m is 0, R' is H; and
Y 1s halo; and
R**is —(CH,), ,CH(O), —(CH,), OH, or —(CH,) X,
wherein:

n 1s as defined for formula (I'); and
X 1s halo.

226. The method of embodiment 224 or 225, wherein the

solid support 1s an acidic support that (1) has more acidic
sites than basic sites, and (1) chemisorbs at least 0.001 g
ammonia/g solid support.
227. The method of embodiment 226, wherein the acidic
solid support comprises zeolite, an acidic metal oxide, or an
acidic mixed metal oxide, or any combination thereof.
228. The method of embodiment 226, wherein the acidic
solid support comprises S10,, Zn0O, CdO, Al,O,, CeQO,,
ThO,, T10,, ZrO,, SnO,, PbO, As,O;, B1,0;, Sb,0, V,O.,
Cr,0O;, MoO;, WO,, S10,—Al1,0;, S10,—T10,, S10,—
SnO.,,, S10,—710,,, S10,—BeO, S10,—MgO, S10,—CaO,
S10,—Sr0O, $S10,—7Zn0, S10,—Ga,0;, S10,—YrO,,
S1—O,—La,0,, S10,—Mo0O,, S10,—WO,, 510,—V,0.,
S10,—ThO,, Al,O,—MgO, Al,O,—7n0O, Al,0O,—CdO,
Al,O,—B,0;, Al,O,—ThO,, ALLO,—T10,, Al,O,—Z7r0,,
Al,O,—V,0,, AlL0O,—Mo0O,, Al,0,—WO,, AlO,—
Cr,0O;, AlLLO;—Mn,0;, Al,O,—Fe,0O,, Al,O0,—Co0,0,,
Al,O,—Ni10O, Ti0,—Cu0O, Ti0,—MgO, TiO,—7ZnO,
T10,—CdO, Ti0,—7rO,, Ti10,—Sn0O,, Ti10,—B1,0;,
T10,—Sb,0., T10,—V, 0., T10,—Cr,0O,, T10,—Mo0O;,
T10,—WO,;, T10,—Mn,0O,, T10,—Fe, 05, T10,—Co0,0,,
T10,—N10, ZrO,—CdO, 7ZnO—MgO, ZnO—Fe,O;,
MoO,—Co0O—AL,0,, Mo0O,—NiO—AL,0O,, TiO,—
S10,—MgO, MoO,—AlL,0,—MgO, ZSMS35, or Beta zeo-
lite, or any combination thereof.
229. The method of embodiment 228, wherein the acidic
solid support 1s Al,O;, or S10,,, or any combination thereof.
230. The method of embodiment 224 or 225, wherein the
solid support 1s a neutral support.
231. The method of embodiment 229, wherein the neutral
support comprises carbon.
232. The method of any one of embodiments 224 to 231,
wherein the acid 1s:

(1) generated 1n situ;

(11) a Bronsted acid;

(111) H—X or H—Y, wherein X and Y are as defined for
formula (A) above; or

(1v) hydrochloric acid or sulifonic acid.
233. The method of any one of embodiments 224 to 232,
wherein the compound of formula (A") 1s converted to the
compound of formula (I") in the presence of (1) hydrogen,
(2) the catalyst, (3) the amide reagent, the urea reagent, or
a combination thereof, (4) the acid, and (5) an aromatic
reagent.
234. The method of embodiment 233, wherein the amide
reagent, the urea reagent, or a combination thereof, and the

aromatic reagent are present 1 a mass ratio of between 1:10
and 10:1.
235. The method of embodiment 224 to 234, further com-

prising 1solating the compound of formula (I").
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236. The method of embodiment 224 to 235, wherein the
converting of the compound of formula (A") to the com-
pound of formula (I") in the presence of (1) hydrogen, (2)
the catalyst, (3) the amide reagent, a urea reagent, or a
combination thereof, and (4) the acid produces a residual
solid-supported metal catalyst, and the method further com-

prises 1solating the residual solid-supported metal catalyst.
237. The method of embodiment 224 to 236, wherein the
converting of the compound of formula (A") to the com-

pound of formula (I") in the presence of (1) hydrogen, (2)
the catalyst, (3) the amide reagent, a urea reagent, or a
combination thereof, and (4) the acid produces a residual
solid-supported metal catalyst, and the method further com-
Prises:

regenerating the residual solid-supported metal catalyst to
produce a regenerated solid-supported metal catalyst; and

combining the regenerated solid-supported metal catalyst
with additional compound of formula (A") in the presence of
additional hydrogen, additional amide reagent, urea reagent,
or a combination thereof, and additional acid to produce
additional compound of formula (I").
238. The method of any one of embodiments 178 to 237,
wherein the compound of formula (I") 1s produced at a yield
of at least 25%; and a selectivity of at least 25%.
239. The method of any one of embodiments 178 to 238,
wherein the compound of formula (A") and the hydrogen are
present 1n a mass ratio between 1:2.9 and 1:3.8.
240. The method of any one of embodiments 178 to 239,
wherein the compound of formula (A") 1s converted to the
compound of formula (I') at a temperature of less than 50°
C.
241. The method of any one of embodiments 178 to 240,
wherein the metal component 1s 1mpregnated, deposited,
precipitated, or any combination thereof, onto the solid
support.
242. The method of any one of embodiments 178 to 241,
wherein the metal component comprises:

(1) at least one metal;

(1) at least two metals;

(111) one metal, two metals, or three metals;

(1v) at least one Group 10 metal; or

(v) at least one Group 10 metal, and at least one Group 11
metal.
243. The method of any one of embodiments 178 to 242,
wherein the metal component comprises:

(1) palladium, or platinum, or a combination thereof; and
(1) gold, silver, or copper, or any combination thereof.
244. The method of any one of embodiments 178 to 243,
wherein the metal component comprises palladium and at
least one additional metal, wherein the palladium and the
least one additional metal are present in the catalyst in a

weight ratio of 0.1 to 20.
245. The method of any one of embodiments 178 to 244,
wherein the metal component comprises:

(1) palladium:;

(1) palladium and platinum;

(11) palladium and gold;

(1v) palladium and copper;

(v) palladium and silver;

(v1) platinum;

(vi1) platinum and gold;

(vi1) platinum and copper; or

(1x) platinum and silver.
246. The method of any one of embodiments 178 to 245,
wherein the catalyst has a total metal loading between 0.1%

to 20% by weight.
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24°7. The method of any one of embodiments 178 to 246,
wherein the amide reagent 1s a reagent of formula (1):

(1)

O
. e
RC 1‘\1"”

Rb

wherein:

each R R” and R° is independently H, aliphatic, aryl, or
heteroaryl; or

R* and R” are taken together with the nitrogen atoms to
which they are connected to form a cyclic moiety having at

least 3 ring atoms.

248. The method of embodiment 2477, wherein the reagent of
formula (1) 1s other than N,N-dimethylformamide and N,N-
dimethylacetamide.

249. The method of embodiment 247, wherein when R 1s H
or methyl, then one of R? and R” is other than methyl.

250. The method of any one of embodiments 178 to 246,
wherein the urea reagent 1s a reagent of formula (11):

(11)
O
e A
\T Tx

R4 R?

wherein:

(A) each R4, R”?, R° and R? is independently H, aliphatic,
aryl or heteroaryl; or

(B) R* and R” are taken together with the nitrogen atoms
to which they are connected to form a cyclic moiety having
at least 3 ring atoms; and each R° and R is independently H,
aliphatic, aryl or heteroarvyl; or

(C) each R* and R” is independently H, aliphatic, aryl or
heteroaryl; and R° and R? are taken together with the
nitrogen atoms to which they are connected to form a cyclic
moiety having at least 3 ring atoms; or

(D) R? and R” are taken together with the nitrogen atoms
to which they are connected to form a cyclic moiety having
at least 3 ring atoms; and R° and R are taken together with
the nitrogen atoms to which they are connected to form a
cyclic moiety having at least 3 ring atoms; or

(E) each R and R® 1s independently H, aliphatic, aryl or
heteroaryl; and R” and R“ are taken together with the
nitrogen atoms to which they are connected to form a cyclic
moiety having at least 5 ring atoms; or

(F) each R” and R? is independently H, aliphatic, aryl or
heteroaryl; and R“ and R° are taken together with the
nitrogen atoms to which they are connected to form a cyclic
moiety having at least 5 ring atoms.

251. The method of any one of embodiments 178 to 246,
wherein the urea reagent 1s a cyclic urea reagent.

252. The method of any one of embodiments 178 to 231,
wherein the urea reagent 1s a reagent of formula (111):
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(iii)
0O

1
J e

N N

)

C
R\

wherein:

cach R and R° 1s independently H, aliphatic, aryl or
heteroaryl; and

t 1s an integer greater than or equal to 0.
253. The method of embodiment 252, wherein t 1s an integer
greater than or equal to 1.
254. The method of embodiment 253, wherein t 1s 1 or 2.
255. The method of any one of embodiments 178 to 246,

wherein the amide or urea reagent 1s selected from the group
consisting of

RN F
S ] )
) K D e N e N
I
/\‘ o
\/\N)J\N/ 0

|

or any combinations thereof.
256. The method of any one of embodiments 178 to 246,
wherein the urea reagent 1s

O
Y i
N N
U

or a combination thereof.

257. The method of any one of embodiments 178 to 236,
wherein R** is C_ alkyl.

258. The method of any one of embodiments 178 to 236,
wherein R'“ is —(CH,,), Y.

259. The method of any one of embodiments 178 to 256,
wherein R'“ is —(CH,,),,_,CH(O).

260. The method of any one of embodiments 178 to 256,
wherein R'“ is —(CH,,), OH.
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261. The method of any one of embodiments
wherein R*“ is —(CH,,), , CH(O).

262. The method of any one of embodiments
wherein R** is —(CH.,,), OH.

263. The method of any one of embodiments
wherein R*“ is —(CH,,), X.

264. The method of any one of embodiments
wherein m 1s 0.

265. The method of any one of embodiments
wherein m 1s 1.

266. The method of any one of embodiments 178 to 263,
wherein n 1s 1.

267. A method of producing a compound of formula (J):

Rl ’ RZ’:
<)
wherein:

R" is C_ alkyl, wherein m is an integer greater than or
equal to 0, provided that when m is 0, R' is H; and
R* is C, alkyl, wherein n is an integer greater than or
equal to 1,
the method comprising:
combining a compound of formula (I') produced accord-
ing to the method of any one of embodiments 178 to 266 and

cthylene to produce the compound of formula ().
268. The method of embodiment 267, wherein m 1s 0.
269. The method of embodiment 267, wherein m 1s 1.
2'70. The method of any one of embodiments 267 to 269,
wherein n 1s 1.
2’71. A composition, comprising:

a compound of formula (A"):

178 to 260,
178 to 260,
178 to 260,
178 to 263,

178 to 263,

(1)

(A7)

R* RY

wherein:

R'" is C_ alkyl, —(CH,) Y, —(CH,)_ _,CH(O) or
—(CH,), OH wherein:
m 1s as defined for formula (I"), provided that when

m is 0, R** is H; and

Y 1s halo; and

R**is —(CH,),_,CH(O), —(CH,), OH, or —(CH,), X,
wherein:
n 1s as defined for formula (I"); and
X 1s halo; and

R* and R’ are independently H or alkyl;

hydrogen;

a solid-supported metal catalyst comprising a metal com-
ponent and a basic solid support, wherein the basic solid
support 1s a solid support that (1) has more basic sites than
acidic sites and (1) chemisorbs at least 0.001 g carbon
dioxide/g solid support; and

optionally an amide reagent, a urea reagent, or a combi-
nation thereof.

2'72. The composition of embodiment 271, wherein:
the compound of formula (I") 1s a compound of formula

(I'):
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wherein:
R" is C_ alkyl, wherein m is an integer greater than or
equal to O, provided that when m is 0, R' is H; and
R* is C, alkyl, wherein n is an integer greater than or

equal to 1; and
the compound of formula (A") 1s a compound of formula

(A):

e o (A)

RZ-:I ?
A4
wherein:

R'" is C_ alkyl, —(CH,) Y.
—(CH,), OH wherein:
m 1s as defined for formula (I'), provided that when
m is 0, R'? is H; and
Y 1s halo; and

—(CH,),_,CH(O) or

R** is —(CH.,),_,CH(O), —(CH.,), OH, or —(CH,), X,
wherein:
n 1s as defined for formula (I'); and
X 1s halo.

2'73. The composition of embodiment 271 or 272, wherein
the basic solid support comprises a basic metal oxide.
2'74. The composition of embodiment 271 or 272, wherein
the basic solid support comprises a solid support modified
by an alkali metal or an alkali earth metal.

2'75. The composition of embodiment 271 or 272, wherein
the basic solid support comprises a solid support modified
by a base.

2'76. The composition of embodiment 271 or 272, wherein
the basic solid support comprises BeO, MgO, Ca0O, SrO,
BaO, Zn0O, Al,O;, Y,0O;, La,0;, CeO,, ThO,, T1i0,, ZrO, or
SnO,, or any combinations thereof.

2'77. The composition of embodiment 271 or 272, wherein

the catalyst 1s:
Pd+Pt/MgQO:;

Pd+Au/MgQO; or
Pd/MgO,
or any combination thereof.
2'78. A composition, comprising:
a compound of formula (A"):

(A")

R* RY

wherein:
R' is C_ alkyl, —(CH,) Y,
—(CH,), OH wherein:
m 1s as defined for formula (I"), provided that when
m is 0, R'? is H; and
Y 1s halo; and

—(CH,), _,CH(O) or
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R**is —(CH.,),_,CH(O), —(CH.,), OH, or —(CH,,), X,
wherein:
n 1s as defined for formula (I"); and
X 1s halo; and
R* and R’ are independently H or alkyl;

hydrogen;

a catalyst comprising a metal component and an acidic
solid support, wherein the acidic solid support 1s a solid
support that (1) has more acidic sites than basic sites, and (11)
chemisorbs at least 0.001 g ammomnia/g solid support; and

an amide reagent, a urea reagent, or a combination
thereof.

2'79. The composition of embodiment 278, wherein:
the compound of formula (I") 1s a compound of formula

(I'):

1)

wherein:
R" is C_ alkyl, wherein m is an integer greater than or
equal to 0, provided that when m is 0, R' is H; and
R* is C, alkyl, wherein n is an integer greater than or
equal to 1; and
the compound of formula (A") 1s a compound of formula

(A):

(A)

wherein:
R' is C, alkyl, —(CH,) Y, —(CH,)__,CH(O) or
—(CH,), OH wherein:
m 1s as defined for formula (I'), provided that when
m is 0, R'? is H; and
Y 1s halo; and
R**is —(CH.,),_,CH(O), —(CH.,), OH, or —(CH,,), X,

wherein:

n 1s as defined for formula (I'); and

X 1s halo.
280. The composition of embodiment 278 or 279, wherein
the acidic solid support comprises zeolite, an acidic metal
oxide, or an acidic mixed metal oxide, or any combination
thereof.
281. The composition of embodiment 278 or 279, wherein
the acidic solid support comprises S10,, ZnO, CdO, Al,O;,
CeO,, ThO,, T10,, ZrO,, SnO,, PbO, As,O,, B1,0,, Sb,O.,
V,0;, Cr,0O;, MoO;, WO,, S10,—Al,0;, S10,—T10,,
S10,—Sn0,, S10,—7r0,, S10,—BeO, S10,—MgO,
S10,—Ca0, S10,—SrO, S10,—7Zn0, $S10,—Ga,0;,
S10,—YrO;, S1—0,—La,0;, S10,—Mo0O;, S10,—WO,,
S10,—V,0., S10,—ThO,, Al,O,—MgO, Al,O,—7n0O,
Al O —(CdO, Al O —B,0,;, AlLO,—ThO,, Al,O,—T10,,
Al,O,—710,, Al O —V.,0., Al 50, MOOS,J Al O,—
WO3, AlLLO —Cr203,, Al, O, Mn 03, Al,O, Fezoy
Al,O, C03O4j Al,O, NIO T10,—CuO, T10 ~—MgO,
TiOZ—ZnO, TiOE—CdO,, TiOZ—Zrozj T10,—Sn0O,,
T10,—B1,0,, Ti0,—Sb, 0., T10,—V,0., Ti0,—Cr,0;,
T10,—Mo0O,, T10,—WO,, T10,—Mn,0,, T10,—Fe,0;,
T110,—Co0,0,, Ti0,—Ni10, ZrO,—CdO, ZnO—MgO,
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/n0O—Fe,0;, MoO;—Co0O—ALLO;, MoO;—Ni1O—
Al,O,, T10,—S10,—MgO, Mo0O,—Al1,0,—MgO, ZSM3,
or Beta zeolite, or any combination thereof.
282. The composition of embodiment 281, wherein the
acidic solid support 1s Al,O,, or S10,, or any combination
thereof.
283. The composition of embodiment 278 or 279, wherein
the catalyst 1s:

Pd/Al,O;;

Pd/ZSM3;

Pd/Beta zeolite;

Pd+Au/Al,O;;

Pd+Ag/Al,O;; and

Pd+Cu/Al,QO,,
or any combination thereof.
284. The composition of embodiment 283, wherein the
catalyst 1s Pd/Al,O;.
2835. A composition, comprising:

a compound of formula (A"):

(A")

R* RY

wherein:
R'" is C_ alkyl, —(CH,), Y,
—(CH,),, OH wherein:
m 1s as defined for formula (I"), provided that when
m is 0, R'? is H; and
Y 1s halo; and
R**is —(CH,) _,CH(O), —(CH,) OH, or —(CH.,) X,
wherein:
n 1s as defined for formula (I"); and
X 1s halo; and
R* and R” are independently H or alkyl;
hydrogen;
a catalyst comprising a metal component and a solid
support;
an amide reagent, a urea reagent, or a combination
thereot; and
an acid.
286. The composition of embodiment 285, wherein the solid
support 1s an acidic support that (1) has more acidic sites than
basic sites, and (11) chemisorbs at least 0.001 g ammonia/g,
solid support.
287. The composition of embodiment 286, wherein the
acidic solid support comprises zeolite, an acidic metal oxide,
or an acidic mixed metal oxide, or any combination thereof.
288. The composition of embodiment 286, wherein the
acidic solid support comprises S10,, ZnO, CdO, Al,O,,
CeQ,, ThO,, T10,, Zr0,, SnO,, PbO, As,O;, B1,0,, Sb,0.,
V,0., Cr,O,, MoO,, WO,, S10,—Al,0,, S10,—T10,,
S10,—Sn0,, S10,—7r0,, S10,—BeO, $10,—MgO,
S10,—Ca0, S10,—SrO, S10,—7Zn0O, $S10,—Ga,0;,
S10,—YrO;, S1—0,—La,0;, S10,—MoO;, S10,—WO,,
S10,—V,0., S10,—ThO,, AlLLO;—MgO, Al O —7/n0,
Al O —CdO, Al, O —B 03,A1 O —ThO,, Al O —T10,,
Al O —710,, Al O —V,0., Al 50 —MOO3, Al ;03—
WO3, Al,O —Cr203,, Al,O, Mn ,0,, AlO, F6203,,
AlO —C03O4j Al O, —N10 T10,—Cu0O, T10 —MgO,
TiOZ—Zan TiOZ—CdO,, TiOZ—ZrOZ,, T10,—Sn0O,,
110,—B1,0;, T10,—Sb,0., T10,—V,0., Ti0,—Cr,0;,
T10,—Mo0O,, T10,—WO,, T10,—Mn,0,, T10,—Fe,O;,

—(CH,),. ,CH(O) or
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T10,—Co0,0,, Ti10,—Ni10, ZrO,—CdO, ZnO—MgO,
/n0—Fe,0,, MoO,—CoO—AL,0O,, MoO,—Ni1O—
Al,O;, T10,—S10,—MgO, Mo0O,—Al,O0,—MgO, ZSM5,
or Beta zeolite, or any combination thereof.
289. The composition of embodiment 288, wherein the
acidic solid support 1s Al,O,, or S10,, or any combination
thereof.
290. The composition of embodiment 285, wherein the solid
support 1s a neutral support.
291. The composition of embodiment 290, wherein the
neutral support comprises carbon.
292. The composition of embodiment 285, wherein the
catalyst 1s:

Pd/Al,0Ox;;

Pd/C;

Pd+Pt/MgO;

Pd+Au/MgO;

Pd/MgQO:;

Pd/ZSM35;

Pd/Beta zeolite;

Pd+Au+K/C;

Pd+Ag/C;

Pd+Pt/C;

Pt+Cu/C;

Pt+Au/C;

Pt+Ag/C; or

Pd+Au/C; or

or any combination thereof.
293. The composition of embodiment 292, wherein the
catalyst 1s Pd/Al,O, or Pd/C.
294. The composition of any one of embodiments 271 to
293, further comprising an aromatic reagent.
295. The composition of embodiment 294, wherein the urea
reagent and the aromatic reagent are present 1n a mass ratio
of between 1:10 and 10:1.
296. The composition of any one of embodiments 271 to
295, wherein the metal component 1s impregnated, depos-
ited, precipitated, or any combination thereof, onto the solid
support.
297. The composition of any one of embodiments 271 to
296, wherein the metal component comprises:

(1) at least one metal;

(1) at least two metals;

(111) one metal, two metals, or three metals;

(1v) at least one Group 10 metal; or

(v) at least one Group 10 metal, and at least one Group 11
metal.
298. The composition of any one of embodiments 271 to
297, wherein the metal component comprises:

(1) palladium, or platinum, or a combination thereof; and
(1) gold, silver, or copper, or any combination thereof.
299. The composition of any one of embodiments 271 to
298, wherein the metal component comprises palladium and
at least one additional metal, wherein the palladium and the
least one additional metal are present in the catalyst in a

weight ratio of 0.1 to 20.
300. The composition of any one of embodiments 271 to
299, wherein the metal component comprises:
(1) palladium:;
(1) palladium and platinum:;
(111) palladium and gold;
(1v) palladium and copper;
(v) palladium and silver;
(v1) platinum;
(vi1) platinum and gold;
(viil) platinum and copper; or
(1x) platinum and silver.
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301. The composition of any one of embodiments 271 to
300, wherein the catalyst has a total metal loading between
0.1% to 20% by weight.

302. The composition of any one of embodiments 271 to
301, wherein the amide reagent 1s a reagent of formula (1):

(1)

O
)‘\ R®
R¢ N -

Rb

wherein:

each R%, R” and R¢ is independently H, aliphatic, aryl, or
heteroaryl; or

R® and R” are taken together with the nitrogen atoms to

which they are connected to form a cyclic moiety having at
least 3 ring atoms.

303. The composition of embodiment 302, wherein the
reagent of formula (1) 1s other than N,N-dimethylformamide
and N,N-dimethylacetamide.

304. The composition of embodiment 302, wherein when R°
is H or methyl, then one of R% and R” is other than methyl.

305. The composition of any one of embodiments 271 to
301, wherein the urea reagent 1s a reagent of formula (11):

(1)

wherein:

(A) each R% R”, R° and R is independently H, aliphatic,
aryl or heteroaryl; or

(B) R? and R” are taken together with the nitrogen atoms
to which they are connected to form a cyclic moiety having
at least 3 ring atoms; and each R and R¥ is independently H,

aliphatic, aryl or heteroaryl; or
(C) each R® and R” is independently H, aliphatic, aryl or
heteroaryl; and R° and R? are taken together with the

nitrogen atoms to which they are connected to form a cyclic
moiety having at least 3 ring atoms; or

(D) R? and R” are taken together with the nitrogen atoms
to which they are connected to form a cyclic moiety having
at least 3 ring atoms; and R¢ and R“ are taken together with
the nitrogen atoms to which they are connected to form a
cyclic moiety having at least 3 ring atoms; or

(E) each R“ and R° 1s independently H, aliphatic, aryl or
heteroaryl; and R” and R“ are taken together with the
nitrogen atoms to which they are connected to form a cyclic
moiety having at least 5 ring atoms; or

(F) each R” and R is independently H, aliphatic, aryl or
heteroaryl; and R® and R are taken together with the
nitrogen atoms to which they are connected to form a cyclic
moiety having at least 5 ring atoms.

306. The composition of any one of embodiments 271 to
301, wherein the urea reagent 1s a cyclic urea reagent.

307. The composition of any one of embodiments 271 to
301, wherein the urea reagent 1s a reagent of formula (111):
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(iii)

wherein:

cach R® and R° 1s independently H, aliphatic, aryl or
heteroaryl; and

t 1s an 1nteger greater than or equal to O.
308. The composition of any one of embodiments 271 to
301, wherein the amide or urea reagent is selected from the
group consisting of

O
O O

NJ\N/ \)L/ \J\/
N

™~

O
O

N )L/ < Q
0 F A
o Gl

S w O
1 P O
o U

or any combinations thereof.
309. The composition of any one of embodiments 271 to
301, wherein the urea reagent 1s

O
Y i
NN )Y
N N
LU

or a combination thereof.

310. The composition of any one of embodiments 271 to
309, wherein R* is C,, alkyl.

311. The composition of any one of embodiments 271 to
309, wherein R** is —(CH,,) Y.

312. The composition of any one of embodiments 271 to
309, wherein R'* is —(CH,,) _,CH(O).

313. The composition of any one of embodiments 271 to
309, wherein R** is —(CH.,) OH.

314. The composition of any one of embodiments 271 to
313, wherein R** is —(CH,,), ,CH(O).

315. The composition of any one of embodiments 271 to
313, wherein R** is —(CH.,), OH.
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316. The composition of any one of embodiments 271 to
313, wherein R** is —(CH,), X.
317. The composition of any one of embodiments 271 to
316, wherein m 1s 0.
318. The composition of any one of embodiments 271 to 5
316, wherein m 1s 1.
319. The composition of any one of embodiments 271 to
318, wherein n 1s 1.
320. A method of producing toluene, comprising:

combining a compound of formula (I') produced accord- 10
ing to the method of any one of embodiments 1 to 87, 178
to 270 and ethylene to produce toluene, wherein the com-
pound of formula (I') 1s 5-methylfuran.

EXAMPLES 15

The following Examples are merely illustrative and are
not meant to limit any aspects of the present disclosure in
any way.

20
Example 1

Synthesis of 2,5-dimethyliuran (DMF) from
S-(chloromethyl)furtural (CMF)

0 \4{
o e \@/ y

H,

25

Reaction No. 1:

In a 250 mL Parr container (cooled to room temperature) 35
was added 22.5 mL of N,N-dimethylformamide (DMFD)
and Na,HPO, (0.51 eq, 17.802 mmol, 2.5272 g). To 502 mg
of 10% Pd/C was added 1 ml of DMFD and the wet paste
was stirred for 1 min with a spatula. The synthesized wet
paste was then added to the reaction flask under air. The 40
remaining Pd/C paste in the vial was washed with 1.5 ml of
DMFD. The reaction was then preheated to 35° C. (23 min,
max T reached 42° C.) under shaking and argon (purge line
connected to Argon line). CMF (5 g, 34.587 mmol) was
added and the reaction was first stirred 2 min and then 45
charged with H, up to 30 psi (charged and purged 4 times to
20 psi1). The tlask was refilled to 50 ps1 when the pressure
was observed to drop to 40 psi. When H, was charged, a leak
observed. H, was flushed and Argon was added while a
screw was tightened. 2 g of Na,HPO, was added under 50
argon after purging with H,. After about 80 minutes, the
reaction mixture was diluted to 100 ml with acetone and an

aliquot was taken for analysis by GCMS coupled with FID.
Selectivity from CMF to DMF: 79%:; Yield from CMF to

DME: 72%. 55

Reaction No. 2:

In a 250 mL Parr container (cooled to room temperature)
was added 5.0058 g (34.628 mmol) of CMF followed by 25
mL of DMFD, Na,HPO, (0.6 eq, 20.76 mmol, 2.9471 g) and
under Argon 502 mg of 10% Pd/C. The reaction flask was 60
then preheated to 35° C. (30 min, max T reached 45° C.)
under shaking and Argon (purge line connected to Argon
line). The reaction was then charged with H, up to 50 psi
(charged and purged 4 times to 20 ps1). The flask was refilled
to 50 ps1 every time the pressure dropped to 40 psi. After 65
about 142 minutes, the reaction mixture was diluted to 100
ml with acetone and an aliquot was taken for analysis by

90

GCMS coupled with FID. Selectivity from CMF to DMF:
80%: Yield from CMF to DMF: 76%.

ILJ

Example 2

Synthesis of 5-methylfuran-2-carbaldehyde (MF)
from 3-(chloromethyl)furfural (CMF)

\ 7/ N
/N%H 0

Cl \ / H Pd/C i \ / H

H»

In a 250 mL Parr container (cooled to room temperature)
was added 5.0012 g (34.596 mmol) of CMF (97%) followed

by 25 mL of DMFD and under Argon 50 mg of 10% Pd/C.
The reaction mixture was charged with H, up to 2 psi
(charged and purged 4 times to 20 ps1). When a 1 ps1 drop
was observed, the flask was refilled to 2 psi until 65 ps1 was
reached. After about 73 minutes, the reaction mixture was
diluted 1n 100 ml volumetric flask with dichloromethane and
an aliquot was taken for analysis by GCMS coupled with
FID. Selectivity from MF to CMF: 99%; conversion from
MF to CMF: 97%.

Example 3

Synthesis of 2,5-dimethylfuran (DMF) from
S-methylfuran-2-carbaldehyde (MF)

o\ %
\_/ Diffiém \U/

H,

To a 250 ml Parr Shaker, 3.8051 g (34.51 mmol) of MF
was added followed by 25 ml of DMFD and under Argon
100 mg of PACl, and 500 mg of carbon Darco G60. The
reaction was then charged with H, up to 50 psi (charged and
purged 4 times). When a 10 psi drop was observed, the flask
was recharged to 350 psi. After about 105 minutes, the
reaction mixture was diluted to 100 ml and an aliquot was
taken for analysis by GCMS Coupled with FID. Selectivity
from MF to DMF: 68%; conversion from MF to DMEF:

100%; conversion from MF to (5-methylfuran-2-yl)metha-
nol (MFA) 96%.

Example 4

Synthesis of 2,5-dimethylfuran (DMF) from
S-(chloromethyl)furtural (CMF)

H>, heat
n 4 N o — ]\
\ solvent
O catalyst O

reagent

This Example demonstrates the production of 2,5-dim-
cthylfuran (DMF) from 3-(chloromethyl)furtural (CMF)
using various catalysts, solvents and other reagents.
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To a 250 ml Parr shaker bottle was added CMF (5 g, 34.62
mmol) and 25 ml of Solvent A (as listed in Table 1 below).
The CMF was dissolved in a mixture of organic Solvent A
and Reagent B (as listed in Table 1 below), by stirring at
room temperature for 5-10 minutes. Then, the catalyst (50
mg of Pd on support, as listed in Table 1 below) was either
immersed in Reagent B up to the incipient wetness point and
transierred to the container, or added directly into the
container under argon. The reaction mixture was heated to
30-35° C., and the reaction flask was installed into the Parr

92

Shaker. The flask was charged with hydrogen up to 50 psig
(charged and purged 4 times to 20 psig). The flask was
shaken to initiate the reaction, and the flask was refilled to
50 psig every time the pressure was observed to drop to
about 40 psig. After 180 psig of hydrogen was consumed
(2.96 eq of hydrogen), the Parr Shaker was stopped, and
hydrogen was flushed out of the flask. The reaction mixture
was then transferred into a 100 ml volumetric flask and
diluted with acetone. An aliquot of the reaction mixture was
taken, and products were quantitatively measured on GC.

TABL.

L1l

1

Summary of reactions and results

CMF
loading®
Catalyst (g/mL)
Pd/Al,O; 16
Pd/Al,O; 16
Pd/Al,O, 16
Pd/Al,O4 16
Pd/Al,O4 16
Pd/Al,O, 16

DMFE DMFE

Solvent A, Reagent B, Reaction selectivity  yield
weight %0 weight %0 time (%) (%)
Toluene, O 120 min 82-84 82-84
77% )J\
/
\ U
DMPU
23%
- )CJ)\ 120 min 17 15
DMPU
100%
Toluene, O 70 min 63 63
77% )‘\
DMI
23%
Toluene, O 186 min 59 59
78% )J\
TMU
22%
— O 300 min 61 61
TMU
100%
— O 86 min 36 17



US 9,840,486 B2

93
TABLE 1-continued

Summary of reactions and results

CMF
loading®  Solvent A, Reagent B, Reaction
Catalyst (g/mL) weight %0 weight %0 time
Pd/Al,O, 16 — (TL 120 min
T B
DMED
100%
Pd/Al,O, 26 — O 120 min
LT/
DMED
100%
Pd/C 16 — ﬁ\ 70 min
T -
DMED
100%
Pd/C 16 Toluene, O 48 min
48% t
T B
DMED
52%
Pd/Al,O4 16 Dowtherm ™ O 222 min
G, 78% L
T B
DMED

18%

“CMF loading = mass (g) of CMF per total volume (mL) of reaction in solvent mux (Solvent A + Reagent B)

Example 5

Synthesis of Methylturan from Furfural

This Example demonstrates the synthesis of methylfuran
from furfural. To a 250 mL parr hydrogenation flask was
added palladium (II) chlonde (199.0 mg), Darco G-60
activated carbon (999.0 mg), dimethylpropyleneurea (5 ml),
and toluene (15 ml). The flask was then sealed and placed
into a Parr hydrogenation apparatus. The headspace was

then purged 4x with 10 psig of hydrogen. The tlask was then
pressurized with hydrogen to 20 psig and the bottle was
shaken for 20 minutes. After the metal reduction step, the
flask was then depressurized from hydrogen and furfural
(3.314 g, 34.492 mmol) was then added to the flask via
pipette transier using an additional 5 ml of toluene. The flask
was then re-purged with hydrogen 1n a similar manner as
described above, and the flask was filled with hydrogen to 50
psig, and the reduction was started. The reaction temperature
and consumption of hydrogen over time were monitored,
and the values are summarized in Table 2 below.

DMF DMF
selectivity  vield
(o) (7o)
83 83
81 81
82 82
82 82
64 59
45
TABLE 2
Time (min) Temperature Total Hydrogen
contimuous Reaction (° C.) Consumed (mmol)
50 3.7 27 to 29 6.63
7.5 30 12.16
11.3 31 17.69
15.2 33 23.22
19.3 33 29.85
23.5 34 35.38
28.3 34 40.91
>3 33.9 33 46.43
41.5 32 51.95
52.8 30 57.47
72.4 29 02.9%
105.6 28 08.49
60
After about 106 minutes, the flask was depressurized and
removed from the apparatus. The reaction mixture was then
diluted to 100 ml 1n acetone, followed by a 5x dilution 1n
acetone for GCMS analysis.
65  For the GCMS analysis, 1 ulL of sample/standard was

injected into an Agilent 6890 GC with FID detection with a
5:1 split ratio at a flow rate of 2.3 mL/min of helium carrier
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gas and onto the Agilent 5975 MSD with a split ratio of 25:1
at a flow rate of 1.5 mL/min of helium carrier gas. The
temperature program started with an 1mitial temperature of
35° C. and ramped up to a final temperature of 240° C. at 60°
C./min and was held at 240° C. for 4 minutes. 2-Methyliuran
was observed at 1.83 minutes for MS detection and at 1.86

minutes for FID detection. Thus, based on this GCMS
analysis, 2-methylfuran was observed to be produced.

Example 6

Synthesis of 2,5-dimethylfuran (DMF) from
S-(chloromethyl)turfural (CMF)

This Example demonstrates the synthesis of DMF from
CMF. To a 250 ml Parr hydrogenation bottle was added
CMF (5 g; 34 mmol). Dowtherm-G (10 ml) was then added
and the CMF was allowed to dissolve with light mixing
under ambient conditions for a few minutes until a homo-
geneous solution was observed. In a separate vial, dimeth-
ylformamide (2 ml) was then added to 5% Pd/Alumina
(994.3 mg) and the resulting slurry was mixed under ambi-
ent conditions for about 30 seconds. The slurry was then
pipetted into the reaction flask, and 3 mL of dimethylior-
mamide was used to quanfitatively transfer the catalyst.
Then, 10 mL of Dowtherm-G was used to wash the residual
dimethylformamide from the vial into the reaction flask. The
mixture was then heated to about 25° C. before placing the
reaction flask into a Parr Shaker. The head space of the tlask
and the ballast connected to the hydrogen cylinder were then
flushed with hydrogen (15 psig of hydrogen in the bottle
head space) for about 1 minute. The flask was then purged
4x with 10 psig of hydrogen and filled to 40 psig. The first
ballast reading was then taken and the pressure was
increased to 350 psig. The consumption of hydrogen over

time was monitored, and the values are summarized 1n Table
3 below.

TABLE 3

Time (min) continuous Total Hydrogen Consumed (mmol)

4.6 6.702
9.8 13.415
15.9 19.004
22.0 24.602
28.6 30.178
36.5 35.771
45.8 42.464
6.4 48.047
08.6 53.636
83.0 59.231
100.0 64.826
123.0 70.421
150.0 77.132
175.1 83.850
222 88.321

The yield of DMF was observed to be about 59%, and the
selectivity of DMF was observed to be about 64%. 2-Meth-
ylturfural was also observed to have been produced.
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Example 7

Synthesis of 2,5-dimethylfuran (DMF) from
S-(chloromethyl)furfural (CMF) Using Various
Catalysts

8
Cl .

o

N A\

O

catalyst

O

O
O

This Example demonstrates the production of 2,5-dim-
cthylfuran (DMF) and 2,5-hexanedione (HD) from 5-(chlo-
romethyl)furfural (CMF) using various catalysts.

Catalyst Preparation
The following 1s an exemplary procedure to prepare the
catalysts used 1n this Example. A carbon support was {first

dried at 80° C. in a vacuum oven. After drying, 24.1 grams
(about 50 cc) of the carbon support was placed on a watch
glass. An aqueous solution, consisting of 0.837 g of palla-
dium chloride and 1.33 grams of hexachloroplatinic acid 1n
29.5 grams of water, was used then slowly added to the dried
support. This impregnated support was dried overnight. The
dried material was placed 1n a one inch diameter tube, the
tube was placed 1n a vertical tube furnace and then purged
with mitrogen and finally reduced 1n flowing hydrogen (95%
H,+5% N,), at a flow rate of about 120 cc/minute. Reduction
was accomplished by heating the catalyst from room tem-
perature to 220° C. at 10° C./minute and then holding at 220°
C. for two hours 1n the hydrogen flow. After the reduction
was complete, the sample was cooled to room temperature,
purged with nitrogen, and then placed 1n a sample container.
The final nominal composition of the catalyst prepared
according to this procedure was 2.0% Pd+2.0% Pt/Carbon.
Hydrogenation of CMF

The following 1s an exemplary procedure to hydrogenate
CMF to produce DMF and/or HD. A hastelloy reactor was
loaded with about 17 cc of catalyst. The reactor was sealed
and, after purging with nitrogen, a flow of hydrogen was
started through the bed. During a run, the hydrogen flow rate
was about 150 cc/minute. Once the reactor reached tem-
perature, about 55° C., a flow of solvent (as described in
Tables 4a, 4b and 4c¢ below) was run through the catalyst bed
with about 40 cc of solvent. During this process, the pressure
was adjusted to about 50 psig. This startup sequence took
place over about 60 minutes. Once the catalyst bed was tully
saturated with solvent, at temperature, a flow of 25 wt %
CMF 1n solvent was started. The mmtial flow rate was 0.25
ml/min. The reaction product was sampled periodically with
care taken to trap (at 0° C.) any eflluent that was entrained
in the vapor stream leaving the reactor. Product analysis was
done via GC using a dodecane standard that was part of the
feed stream.
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The various catalysts tested are summarized in the tables “HD” refers to 2,5-hexanedione;
below, along with data about conversion into DMF, HD and “MFE” refers to 5-methylfurfural (or 5-methylfuran-2-
other products. As used 1n the tables below: carbaldehyde);

“CMFE” reters to 3-(chloromethyl)furfural; “MF-OH” refers to (5-methylfuran-2-yl)methanol;

“DMF” refers to 2,5-dimethylfuran; ° “heavies” refers to any compounds that elute after the

“lights” refers to any compounds that elute before DMF dodecane standard used 1n the GC analysis;
in the GC analysis; “DMFD?” refers to N,N-dimethylformamaide.

TABLE 4a

Experiments performed with toluene as solvent

Lig Flow % CMF Selectivity
Catalyst (ml/hr)  Conversion lights DMF HD MF MF-OH heavies
2% Pd + 2% Ag/C 15 36 0 1 0 97 1 1
3% Pt + 1% Ag/C 15 54 0 2 4 90 1 3
3% Pd + 1% Au/C 15 82 0 3 14 75 1 8
3% Au + 2% Cu/C 15 1 0 0 0 100 0 0
2% Pd + 2% Pt/C 15 97 8 14 32 11 1 32
3% Pd + 0.5% Au/C 15 97 1 15 30 24 1 25
3% Pd + 1% Ag/C 15 80 0 5 4 88 1 2
4% Pt + 0.5% Cu/C 15 41 0 54 2 35
3% Pd + 0.5% Au + 15 70 0 2 6 63 0.3 20
0.3% K/C
3% Pd + 0.5% Au + 15 48 0 3 8 47 1 35
0.6% K/C
4.0% Pd/C Cl free 15 64 0.1 3 6 23 0.6 40

TABLE 4b

Experiments performed with toluene as solvent

Lig Flow % CMF Selectivity
Catalyst (ml/hr)  Conversion lights DMF HD MF MF-OH heavies
4% Pd/MgO 15 20 0.1 11 0 75 1 1
4% Pd/ZSM5 15 68 0.2 8 3 21 3 50
3% Pd + 15 40 0 8 0 77 6 0
0.5% Auw/MgO
3% Pd + 15 49 0 9 0.7 75 3 1
0.5% Auw/MgO
2.5% Pd + 15 35 0 7 0.1 70 6 0
1.5% Pt/MgO
3.5% Pd + 15 61 0.2 7 0.8 27 9 40
0.3% AwWMgAI204
3.5% Pd + 15 73 0 19 1 47 4 20
0.3% AwCaO
3.5% Pd + 15 97 0.3 14 4 14 3 60
0.2% AuwMgO
2.0% Pd + 15 43 0 4 2 83 2 0
0.4% Auw/MgO
2.0% Pd + 15 44 0 7 4 78 4 0
0.4% Auw/MgO
2.0% Pd + 15 64 0 18 2 64 6 3
0.4% Auw/MgO

TABLE 4c¢
Experiments performed with DMFED as solvent
Lig Flow % CMF Selectivity
Catalyst (ml/hr)  Conversion lights DMF HD MF MF-OH heavies
3% Pd + 1% Au/C 15 100 10 72 1 7 1 9

3% Pt + 1% Ag/C 15 99.6 2 1 0.2 93 0.2 3
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Example 8

Synthesis of 2,5-dimethylfuran (DMF) from
S-(chloromethyl)furfural (CMF) and S-methyliur-

100

“OverHyd” refers to over hydrogenation, and includes
products in which the furan ring has been hydrogenated.
Examples of such products include dimethyl tetrahydro-
furan:

tural (MF) . “Useable” refers to methyfuriural, methylfurtural alcohol,
and dimethyl furan;
This Example demonstrates the production of 2,5-dim- “GC Heavies” refers to any compounds that elute after the
cthylturan (DMF) and other products from S-(chloromethyl) ‘ -
_ , dodecane standard used 1n the GC analysis;
turfural (CMF) or 3-methyliurfural (MF) using various ) o T
catalysts and reagents. The catalyst preparation and hydro- 10 Other Heavies™ refers to any remaining compounds that
genation of CMF were performed in accordance with the ~ Dave low solubility in the product stream; and
procedures set forth 1n Example 7 above. The catalysts “DMFED?” refers to N,N-dimethylformamaide.
TABLE 5
Cat. Prep. Cmpd of
Precursor/ Formula Amide/Urea % Over GC Other
No Cat. Solvent (A) Reag. Conv  DMF MF Hyd Useable Heavies Heavies
1 3.0% Pd + Chlorides/Aq CMF 78 2 11 0.7 18 14 05
1.0% Au/S102
2 3% Pd + Acetates/Non CMF 44 4 72 0 76 2 10
0.1% Au/MgO
3 3% Pd + Nitrates/Aq CMF 75 1 40 0 46 6 40
1% Co/Carbon
4 3% Pd + Nitrates/Aq CMF 48 2 22 0 30 5 45
1% Fe/Carbon
5 3% Pd + AcAc/CHCI3 CMF 89 1 63 6% 4 30
1% Sn/Carbon
6 3% Pd/MgO AcAc/CHCI3 CMF 20 3 72 0 78 3 15
7 3% Pd/MgO Diamine Chloride/Aq CMFE % 28 21 0 56 1% 20
& 3% Pd/MgO Disodium Chloride/Aq CMF 95 22 13 0.7 4?2 27 36
9 3% Pd/MgO Nitrates/Aq CMF 99 36 2 2 42 31 34
10 2% Pd/ZrO2 Acetates/Non CMF 99 .8 1 3 11 8 23 63
11 3% Pd/MgO Diamine HCO3/Aq CMF 49 8 55 0.2 0% 1 30
12 3% Pd/MgO Diamine HCO3/Aq CMF 54 14 70 0 91 3 6
13 3% Pd/MgO Diamine HCO3/Aq CMF 50 15 43 0 80 4 20
14 3% Pd/MgO Diamine HCO3/Aq CMF 99.9 52 7 0.2 62 14 26
15 2% Pd/Si1C Chlorides/Aq CMF 26 7 24 2 38 11 58
16 2% Pd/MgO Chlorides/Aq CMF 93 17 27 0 45 12 54
via deposit 10n-
precipitation
17 3% Pd/MgO Diamine HCO3/Aq CMF 100 58 1 1 62 34 10
18 2.0% Pd + Acetates/Non CMF DMED 99.9 reactor
0.3% Au/MgO plug
19 3.0% Pd + Chlorides/Aq CMF DMED 99.9 59 25 0 87 12 0
1.0% Au/C
20 3.0% Pd + Nitrates/Aq CMF DMED 99.9 19 74 0 95 2 0
1.0% Ag/C
21 1.0% Pd + Chlorides/Aq CMF DMED 99.9 13 83 0 96 2 0
0.3% Au/C
22 1.1% Pd/Al203 Chlorides/Aq CMF DMED 99.9 63 3 6 6% 2% 3
23 1.1% Pd/AI203 Chlorides/Aq CMF DMED 99.9 67 1 0 79 30 0
24 5.0% Pd/Al203 Chlorides/Aq CMF DMED 99.9 67 0.1 0 71 2% 0
25 3.0% Pa + Chlorides/Aq MF 51 40 NA 0 42 32 15
1.0% Au/C
26 3% Pd/AI203  Acetates/Non MF 97 0 NA 1 90 5 3
27 3% Pd/AI203  Chlorides/Aq MF 82 10 NA 0.4 57 40 4
28 3% Pd + Chlorides/Aq MF 99 5 NA 18 65 30 0
1% AWAI203
29 3% Pd + Chlorides/Aq MF 99.5 8 NA 8 20 3% 41
1% Cuw/Al203
30 3% Pd/AI203  Acetates/Non MF DMED OR 2 NA 0 0
31 5% Pd/AI203  Chlorides/Aq MF DMED Ok 3 NA 0 0
(including preparation details such as catalyst precursor and Example 9

solvent), solvent, amide/urea reagent (as applicable), and
feed used 1n this Example and the resulting product distri-

bution are summarized in Table 5 below.
As used 1n the table below:
“Aq” refers to aqueous;
“Non” refers to non-aqueous;

“CMF” reters to 3-(chloromethyl)turfural;

“DMEFE” refers to 2,5-dimethyliuran;

“ME” refers to S-methyliurfural (or 5-methylfuran-2-
carbaldehyde);
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Synthesis of 2,5-dimethylfuran (DMF) from
S-(chloromethyl)turtural (CMF)

This Example demonstrates the production of 2,5-dim-
cthylfuran (DMF) from 3-(chloromethyl)furfural (CMF)
using various catalysts, reagents and reaction temperatures.
Reactions 1, 2, 7 and 8 below were performed according to
the protocol set forth 1n Example 4 above. Reactions 3-6
were performed according to the protocol below. The cata-
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lysts, CMF loading, aromatic reagent and amount, amine/
urea reagent and amount and temperature are set forth in
Table 6 below.

Protocol for Reactions 3-6:

In a batch reactor fitted with a cooling jacket, a gas
entrainment 1mpeller with batlle, was added the amide or
urea reagent and the aromatic reagent, followed by CMF and
the catalyst according to Table 6 below under an inert
atmosphere (argon). The headspace was purged with hydro-
gen (charged to 5 ps1 and purged 10 times). The hydrogen
was charged to the reactor to 50 psi, and the hydrogen

5

pressure was maintained at 50 ps1 by controlled addition of

hydrogen through a valve from the bottom of the reactor.
The gas entrainment impeller was used to agitate the solu-
tion. The temperature of the reaction was maintained at the
temperature provided in Table 6 below with the use of the
chuller and modulating stirring rate. The reaction was
allowed to stir until 3.4 (+/-0.4) moles of hydrogen were
consumed. This reaction produced 2,5-dimethylfuran with
the selectivities and yields set forth 1n Table 6 below.

It should be understood that “DMPU” refers to 1,3-
dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone, and
“DMFD” refers to “N,N-dimethylformamide”.

TABLE 6

Summary of reactions and results

102

R* is C, alkyl, wherein n is an integer greater than or
equal to 1,

the method comprising converting a compound of formula
(A) to the compound of formula (I') 1n the presence of (1)
hydrogen, (2) a solid-supported metal catalyst comprising a
metal component and an acidic solid support, and (3) a urea
reagent,
wherein:

the compound of formula (A) 1s:

Aromatic Amide/Urea Temperature
Reagent Reagent of Reaction
CMF Weight Weight Mixture
No. Catalyst loading® % % (° C.)
1 Pd/ALLO; 20 0% 100% Not
DMPU controlled,
exothermic
reaction
2 Pd/ALO, 20 77% 23% Not
toluene DMPU controlled,
exothermic
reaction
3 Pd/AlLOq 20 77% 23% 35-43
toluene DMPU
4 Pd/C 20 11% 89% 35-43
toluene DMED
5 Pd/C 20 1-.5% ~999%, 45-52
Toluene DMED
6 Pd/C 20 0.1% 99% 35-43
Toluene DMED
7  Pd/C 20 100% 0% Not
controlled,
exothermic
reaction
8 Pd/C 40 0% 100 Not
controlled,
exothermic
reaction

10
(A)
15
wherein:
R'*is —(CH,),, ,CH(O) or —(CH,,),, OH, wherein:
m 1s as defined for formula (I'), provided that when
20 m is 0, R*® is H; and
Y 1s halo; and
R** is —(CH,), ,CH(O), —(CH,),OH, or
—(CH,) X, wherein:
DMF DMFE
Selectivity  Yield
(o) (o)
17 15
84 84
92 92
93 93
23 25
8% R
50 50
90 RO

“CMF loading = mass (g) of CMF per total volume (mL) of reaction in solvent mix (Solvent A + Reagent B)

What 1s claimed 1is:

1. A method of producing a compound of formula (I'):

wherein:

(I')

R" is C_ alkyl, wherein m is an integer greater than or
equal to 0, provided that when m is 0, R" is H; and

60
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n 1s as defined for formula (I'); and
X 15 halo; and
the acidic solid support 1s a solid support that (1) has more

acidic sites than basic sites, and (11) chemisorbs at least
0.001 g ammonia/g solid support.

2. The method of claim 1, wherein the acidic solid support
comprises zeolite, an acidic metal oxide, or an acidic mixed
metal oxide, or any combination thereof.

3. The method of claim 1, wherein the acidic solid support
comprises S10,, ZnO, CdO, Al,O,, CeO,, ThO,, TiO.,,
/r0O,, SnO,, PbO, As,O,, B1,0O;, Sb,0., V,0., Cr,0O;,
MoO,, WO,, S10,—AL,0O,, S10,—T10,, S10,—Sn0,,
S10,—7r0,, S10,—BeO, 810,—Mg0O, S10,—Ca0,
S10,—SrO, S10,—7Zn0, S10,—Ga,0,, S10,—YrO,,
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S1—O0,—La,0;, S10,—Mo0O;, S10,—WO;, S10,—V,0.,
S10,—ThO,, Al,O,—MgO, Al,O,—7n0O, Al,O0,—CdO,
Al,O,—B,0,, Al,O,—ThO,, ALLO,—T10,, Al,O,—Zr0,,
AlLLO;—V, 0., AlLLO;—Mo0O,, AlLLO;—WO,;, AlLO,—
Cr,0,, Al,LO,—Mn,0,, AlL,O,—Fe,O,, Al,0,—Co0,0,,
AlLLO,—Ni1O, Ti0,—CuO, TiO,—MgO, Ti0,—7Zn0O,
110,—CdO, Ti0,—72r0O,, T10,—Sn0O,, Ti10,—B1,0;,
110,—Sb, 0., T10,—V,0,, Ti0,—Cr,0O,, T10,—Mo0O,,
T10,—WO,;, T10,—Mn,0,, T10,—Fe, 05, T10,—Co,0,,
T10,—N10, ZrO,—CdO, 7ZnO—Mg0O, ZnO—Fe,0;,
MoO,—Co0O—Al,0O,, Mo0O,—NiO—Al,O,, Ti0,—
S10,—MgO, MoO,—AlL,0,—MgO, ZSMS5, or Beta zeo-
lite, or any combination thereof.

4. The method of claim 3, wherein the acidic solid support
comprises Al,O,, or S10,, or any combination thereof.

5. The method of claim 1, wherein the solid-supported
metal catalyst 1s:

Pd/Al,O;;

Pd/ZSM3;

Pd/Beta zeolite;

Pd+Au/Al,O;;

Pd+Ag/Al,O,; and

Pd+Cu/Al,QO,,
or any combination thereof.

6. The method of claim 5, wherein the solid-supported
metal catalyst 1s Pd/Al,QO,.

7. The method of claim 1, wherein the compound of
formula (A) 1s converted to the compound of formula (I') 1n
the presence of (1) hydrogen, (2) the solid-supported metal
catalyst, (3) a urea reagent, and (4) an aromatic reagent.

8. A method of producing a compound of formula (I'):

(I')

wherein:
R' is C_ alkyl, wherein m is an integer greater than or
equal to 0, provided that when m is 0, R* is H; and
R* is C, alkyl, wherein n is an integer greater than or
equal to 1,
the method comprising converting a compound of formula
(A) to the compound of formula (I') 1n the presence of (1)
hydrogen, (2) a solid-supported metal catalyst comprising a
metal component and a solid support, and (3) a urea reagent
under acidic conditions,
wherein:
the compound of formula (A) 1s:

(A)

wherein:

R"*is —(CH,),, ,CH(O) or —(CH,,)  OH, wherein:

m 1s as defined for formula (I'), provided that when
m is 0, R*® is H; and

Y 1s halo; and

R** is —(CH,), ,CH(O),
—(CH,), X, wherein:
n 1s as defined for formula (I'); and
X 1s halo.

—(CH,),OH, or
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9. The method of claim 8, wherein the compound of
formula (A) 1s converted to the compound of formula (I') 1n
the presence of (1) hydrogen, (2) the solid-supported metal

catalyst, (3) the urea reagent, and (4) an aromatic reagent.
10. The method of claim 8, wherein the solid support 1s an
acidic support.
11. The method of claim 8, wherein the solid support 1s a
neutral support, and wherein the compound of formula (A)

1s converted to the compound of formula (I') 1n the presence
of (1) hydrogen, (2) the solid-supported metal catalyst, (3)
the urea reagent, and (4) an acid.

12. The method of claim 11, wherein the neutral support
comprises carbon.

13. The method of claim 11, wherein the solid support 1s
a neutral support, and wherein the compound of formula (A)
1s converted to the compound of formula (I') 1n the presence
of (1) hydrogen, (2) the solid-supported metal catalyst, (3)
the urea reagent, (4) the acid, and (35) an aromatic reagent.

14. A method of producing a compound of formula (I'):

1)

wherein:
R" is C_ alkyl, wherein m is an integer greater than or
equal to 0, provided that when m is 0, R* is H; and
R* is C, alkyl, wherein n is an integer greater than or
equal to 1,
the method comprising converting a compound of formula
(A) to the compound of formula (I') 1n the presence of (1)
hydrogen, (2) a solid-supported metal catalyst comprising a
metal component and a solid support, (3) a urea reagent, and
(4) an acid, wherein:
the compound of formula (A) 1s:

(A)
O

wherein:

R'*is —(CH,), ,CH(O) or —(CH,) OH, wherein:
m 1s as defined for formula (I'), provided that when
m is 0, R'¢ is H; and
Y 1s halo; and
R** is —(CH,),_,CH(O),
—(CH,,), X, wherein:
n 1s as defined for formula (I'); and
X 18 halo;
the solid support 1s:
an acidic support that (1) has more acidic sites than
basic sites, and (1) chemisorbs at least 0.001 g
ammomnia/g solid support, or
a neutral support.
15. The method of claim 11, wherein the acid 1s:
(1) generated 1n situ;
(11) a Bronsted acid;
(111) H—X or H—Y, wherein X and Y are as defined for
formula (A) above; or
(1v) hydrochloric acid or sulifonic acid.
16. The method of claim 14, wherein the compound of
formula (A) 1s converted to the compound of formula (I') 1n

—(CH,),OH, or
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the presence of (1) hydrogen, (2) the solid-supported metal
catalyst, (3) the urea reagent, (4) the acid, and (5) an
aromatic reagent.

17. The method of claim 7, wherein the urea reagent and
the aromatic reagent are present in a mass ratio of between

1:10 and 10:1.

18. The method of claim 1, wherein the compound of
formula (I') 1s produced at a yield of at least 25%; and a
selectivity of at least 25%.

19. The method of claim 1, wherein the compound of
formula (A) and the hydrogen are present in a mass ratio

between 1:2.9 and 1:3.8.

20. The method of claim 1, wherein the compound of
formula (A) 1s converted to the compound of formula (I') at
a temperature of less than 50° C.

21. The method of claim 1, wherein the metal component
1s impregnated, deposited, precipitated, or any combination
thereol, onto the solid support.

22. The method of claim 1, wherein the metal component
COmMprises:

(1) at least one metal;

(1) at least two metals;

(111) one metal, two metals, or three metals;

(1v) at least one Group 10 metal; or

(v) at least one Group 10 metal, and at least one Group 11

metal.

23. The method of claim 1, wherein the metal component
COmMprises:

(1) palladium, or platinum, or a combination thereof; and

(1) gold, silver, or copper, or any combination thereof.

24. The method of claim 1, wherein the metal component
comprises palladium and at least one additional metal,
wherein the palladium and the least one additional metal are
present 1n the catalyst 1n a weight ratio of 0.1 to 20.

25. The method of claim 1, wherein the metal component
COmMprises:

(1) palladium:;

(1) palladium and platinum;

(111) palladium and gold;

(1v) palladium and copper;

(v) palladium and silver;

(v1) platinum;

(vi1) platinum and gold;

(vi1) platinum and copper; or

(1x) platinum and silver.

26. The method of claim 1, wherein the catalyst has a total
metal loading between 0.1% to 20% by weight.

27. The method of claim 1, wherein the urea reagent 1s a
reagent of formula (11):

(1)
O
.
\I“J Iff'

R4 R?

wherein:

(A) each R R”, R and R is independently H, aliphatic,
aryl or heteroaryl; or

(B) R? and R” are taken together with the nitrogen atoms
to which they are connected to form a cyclic moiety
having at least 3 ring atoms; and each R° and R? is
independently H, aliphatic, aryl or heteroaryl; or

(C) each R* and R” is independently H, aliphatic, aryl or
heteroaryl; and R° and R“ are taken together with the
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nitrogen atoms to which they are connected to form a
cyclic moiety having at least 3 ring atoms; or
(D) R? and R” are taken together with the nitrogen atoms
to which they are connected to form a cyclic moiety
having at least 3 ring atoms; and R° and R” are taken
together with the mitrogen atoms to which they are
connected to form a cyclic moiety having at least 3 ring
atoms; or
(E) each R and R" 1s independently H, aliphatic, aryl or
heteroaryl; and R” and R? are taken together with the
nitrogen atoms to which they are connected to form a
cyclic moiety having at least 5 ring atoms; or
(F) each R” and R is independently H, aliphatic, aryl or
heteroaryl, and R“ and R° are taken together with the
nitrogen atoms to which they are connected to form a
cyclic moiety having at least 5 ring atoms.
28. The method of claim 1, wherein the urea reagent 1s a
cyclic urea reagent.
29. The method of claim 1, wherein the urea reagent 1s a
reagent of formula (111):

(iii)

RC J\ Rﬂ:
"‘\N N.#"
d,
wherein:
cach R® and R° 1s independently H, aliphatic, aryl or
heteroaryl; and
t 1s an 1nteger greater than or equal to 0.
30. The method of claim 1, wherein the urea reagent is
O
PN |
Ao
N N . -

J 0
» Or »
or a combination thereof.
31. The method of claim 7, wherein the aromatic reagent
COmprises:

(1) at least one mono-aryl compound, at least one di-aryl
compound, or at least one tri-aryl compound, or any
mixtures thereof:;

(11) an alkyl benzene;

(111) a linear alkyl benzene; or

(1v) toluene, benzene, xylene, or mesitylene, or any com-
bination thereof.

32. The method of claim 1, wherein:

(1) m 1s O or 1;

(1) n1s 1; or

both (1) and (11).

33. A method of producing a compound of formula (J):

wherein:

R' is C, alkyl, wherein m is an integer greater than or
equal to 0, provided that when m is 0, R* is H; and

(1)
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R* is C, alkyl, wherein n is an integer greater than or

equal to 1,
the method comprising:

combining a compound of formula (I') produced accord-
ing to the method of claim 1, and ethylene to produce
the compound of formula (J).

34. A composition, comprising:

a compound of formula (A):

(A)

wherein:

R'is —(CH,), ,CH(O) or —(CH,) OH, wherein:

m 1s an integer greater than or equal to O, provided
that when m is 0, R'“ is H; and

Y 1s halo; and

R** is —(CH,),_,CH(O),
—(CH,) X, wherein:
n 1s an integer greater than or equal to 1; and
X 1s halo;

hydrogen;

a catalyst comprising a metal component and an acidic
solid support, wherein the acidic solid support 1s a solid
support that (1) has more acidic sites than basic sites,
and (1) chemisorbs at least 0.001 g ammonia/g solid
support; and

a urea reagent.

—(CH,),OH, or
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35. A composition, comprising:
a compound of formula (A):

(A)

wherein:
R'*is —(CH,), ,CH(O) or —(CH,) OH, wherein:
m 1s an integer greater than or equal to O, provided
that when m is 0, R'“ is H; and
Y 1s halo; and
R** is —(CH,),_,CH(O),
—(CH,,), X, wherein:
n 1s an iteger greater than or equal to 1; and
X 18 halo;
hydrogen;
a catalyst comprising a metal component and a solid
support, wherein the solid support 1s:
an acidic solid support (1) having more acidic sites than
basic sites, and (11) chemisorbs at least 0.001 g
ammomnia/g solid support, or
a neutral support;
a urea reagent; and
an acid.
36. The composition of claim 34, further comprising an

—(CH,),OH, or

30 aromatic reagent.
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